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ABSTRACT 


Preaqanglionic stimulation of the cat superior cervical ganglia 
at 60/sec for 2 to 8 min reduced the ganqlionic acetylcholine(ACh) content 
by about 30%. With continued stimulation, the ACh stores gradually re- 
covered within 15 min. However, when ganglia were allowed to rest follow- 
ing 4 min of stimulation at 60/sec not only was there a rapid restoration 
of ACh content, but the ACh levels rose to 130% of control after 10 min 
of rest. Under either of these experimental conditions the choline content 
increased transiently only after the ACh stores had returned to control 
values. The results are consistent with the concept that about one-third 
or more of the total ACh stores of a rested ganglion is in a form that can 
be readily mobilized for release. The observed rebound increase in the 
ACh content probably means that the ACh storage capacity is not normally 
saturable and that under most physiological conditions the ACh levels are 
maintained within certain limits by a precise control of ACh synthesis. 
Hemicholinium no.3 (HC-3) prevented not only the recovery of the ACh stores, 
but also the subsequent increase in both ACh and choline levels induced 
by 4 min of stimulation plus 10 min of rest. These latter results are in 
accord with the proposed mechanism of action of HC-3. 

Investigation with HC-3 (1mg/Kg) has revealed that the nictit- 
ating membrane response to cholinergic nerve stimulation may be an unre- 
liable index of the ability of HC-3 to inhibit ACh synthesis. The time- 
course effects of different doses of HC-3, in ganglia stimulated at 20/sec, 
indicate that 2 mg/Ka dose of HC-3 may be an optimal dose and appears cap- 
able of immediately and completely blocking ACh synthesis. When ganglia 


are pretreated with this dose of HC-3 and stimulated at 20/sec, a 50% re- 
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duction in the content of ACh occurs within 5 min. The data suggest 

that about 50% of the total ACh stores of a ganglion can be rapidly mo- 
bilized for release and the rest is only slowly converted to a releasable 
form. 

That HC-3 can deplete ACh stores without reducing the choline 
content of ganglia, was also observed during the above investigations. 

The data indicate that HC-3 may not only block the uptake of extracellu- 
lar choline but may also impair the intracellular utilization of choline 
for ACh synthesis. 

When the above conditions of stimulation and HC-3 were applied 
to investigate ultrastructural changes, variable results were obtained. 
While in some cases the reduction in number of agranular vesicles appeared 
to correspond to the depletion in ACh content, in other cases no such 
relationship was evident. Also there was no increase in number of agran- 
ular vesicles corresponding to the rebound increase in ACh content. Under 
most conditions siqnificant reduction in the density of agranular vesicles 
occurred mainly in the areas away from the synaptic region. These results 
do not necessarily negate the vesicle hypothesis and can be explained if 
One assumes that agranular vesicles stores variable amounts of ACh. The 
data also suggest that the vesicles from the non-synaptic zone may be mobil- 
ized to replace those depleted in the synaptic region during stimulation. 

The number of large dark-core vesicles, of unknown content, 
also appeared to decline under the conditions which reduced the number 
of agranular vesicles. These observations indicate that the less numer- 
ous dark-core vesicles may also deplete their content during preganglionic 
stimulation. However, their content and the vhysioloaical significance of 


this observation is not known. 
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HISTORICAL DEVELOPMENT 
A. Evidence of Chemical Transmission 


It is now almost a century since pu Bois-Reymond (1877) 
suggested that the motor nerves secreted a substance which activated the 
muscle. Lewandowsky (1898) and Langley (1901) noted independently the 
similarity between the effects of injection of extracts of adrenal glands 
and stimulation of synpathetic nerves. A few years later, in 1904, T.R. 
Elliot, while a student of Physiology at Cambridge, England, extended 
these observations and postulated that sympathetic nerve impulses release 
minute amounts of an epinephrine-like substance on immediate contact with 
effector cells. 

Several years later, Dixon (1907) noticed the correspondence 
between the effect of muscarine and the response to vagal stimulation and 
in 1909 Dixon and Hamil advanced the hypothesis that the vagus nerve 1ib- 
erated a muscarine-like substance that acted as a chemical transmitter 
of its impulses. They suggested that excitation of nerve induces the 
local liberation of a hormone which causes specific activity by combina- 
tion with some constituent of the end oragan, muscle or gland. Dixon's 
theory met with universal skepticism which discouraged him from following 
this promising field of investigation. 

In 1914 Dale made a thorough study of the pharmacological pro- 
perties of acetylcholine (ACh) and some other choline esters. He observed 
that these drugs produced effects that were analogous to those observed 
after electrical stimulation of certain peripheral nerves. He was so 
impressed with the remarkable fidelity with which these druas reproduced 


the responses to stimulation of parasympathetic nerves that he introduced 
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the term parasympathomimetic to characterize their effects. 

Loewi (1921) established the first real proof for chemical 
mediation of nerve impulses. In his ingenious experiment he stimulated 
the vaqus nerve of a perfused (donor) frog heart and allowed the perfusion 
fluid to perfuse a second (recipient) frog heart used as a test object. 
The contraction of the second heart was inhibited by this fluid. With 
this experiment he demonstrated that a substance was liberated upon stim- 
ulation of the:vaqus trunk of the donor heart; this substance in turn in- 
hibited the recipient heart producing an effect analogous to that of vagal 
stimulation. He called this substance “vagustoff". Loewi and coworkers 
subsequently reported that vagustoff had many properties in common with 
ACh (Loewi, 1932, 1933). 

Many other investigators established quite conclusively that a 
chemical mediator is instrumental in the activity of all peripheral efferent 
nerves. The concept of chemical transmission of nerve impulses has been 
universally accepted at most synaptic junctions. 

The evidence for chemical transmission of nerve impulses in sym- 


pathetic ganglia is discussed in the following section of the thesis. 


B. Chemical Transmission in Sympathetic Ganglia 


The evidence of chemical transmission in autonomic ganglia has 
been obtained chiefly from experiments on perfused ganglia. Kibjakow 
(1933) described a method for perfusing the superior cervical ganglion 
(SCG) of the cat with Locke's solution. The perfusate collected during 
electrical stimulation of the preganglionic nerve fibres was reinjected 
into the arterial supply of the SCG. A contraction of the nictitating 


membrane was observed similar to that caused by nerve stimulation. How- 
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ever, when the perfusate was collected in the absence of nerve stimulation 
no such contraction of the membrane was seen. 

Feldberg and Gaddum (1934) repeated Kibjakow's experiment and 
found that the active substance could only be recovered in the perfusate 
if an anticholinesterase was present in theLocke's solution. They iden- 
tified the active substance in the perfusate on the basis of its behavior 
or activity when subjected to five different pharmacological and biolo- 
gical tests. These observations supported the theory that the mechanism 
by which each nerve impulse normally passes the synapse consists in the 
liberation of small quantities of ACh. Feldberg and Vartianen (1935) ob- 
served that ACh appears in perfusion fluid after preganglionic but not 
antidromic stimulation. They also reported that physostigmine potentiates 
the effect of submaximal electrical stimulation as well as the ganglionic 
stimulant action of injected ACh. These findings further supported the 
chemical transmission theory in SCG. 

Nicotine (Feldberg and Vartianen, 1935) and curare (Brown and 
Feldberg, 1936a) were shown to block transmission in the perfused SCG 
without impairing the release of ACh-like substance. Both of these block- 
ing agents also prevented the effects of injected ACh on the ganglion. 

The results of these experiments added support to the contention that 
transmitter’released on nerve stimulation in SCG is a choline ester. 

The presence of enzyme for synthesizing ACh in SCG of cat was 
suggested by Brown and Feldberg in 1936b. They observed that the total 
amount of ACh liberated in stimulated ganglia perfused with choline-Locke's 
solution was several times of that obtainable from the contralateral un- 
stimulated ganglion by extraction. 


Bannister and Scrase (1950) used a relatively crude enzyme pre- 
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paration derived from cat SCG and demonstrated that ACh can be synthesized 
in vitro. The enzyme preparations obtained from SCG, whose preganglionic 
nerve had been cut 10 days previously, were devoid of synthesizing activ- 
ity. The above experiments indicated that the enzymes involved in ACh 
synthesis are located in the preganglionic nerve fibres. 

More recently Friesen et az. (1965) demonstrated that labelled 
choline ('*C-choline), when added to the perfusion fluid, can be incor- 
porated into ganglionic ACh and that labelled ACh can be liberated upon 
preganglionic stimulation. The ACh thus produced was identified as '“C- 
ACh by paper electrophoresis and paper chromatography. 

The sequence of events, which is now generally accepted, as 
taking place during the passage of an impulse across the synapse in sym- 
pathetic ganalia is the following: With the arrival of nerve impulse at 
the terminals of the preganglionic axon, the chemical transmitter ACh is 
released from storage sites in the nerve terminals; it diffuses across the 
narrow synaptic cleft (approximately 200 A) and then generates a nerve im- 
pulse in the postsynaptic neuron (McLennan, 1963). Studies concerning the 


metabolism of ACh in SCG are more fully discussed in the next section. 
C. ACh Turnover in SCG 


AS mentioned earlier the tn vivo synthesis of ACh, in sympath- 
etic ganglia of cat, was first suggested by Brown and Feldberg (1936). 
They observed that when the cat SCG were perfused with choline-free Locke's 
solution and stimulated preaanalionically (up to 12/sec), the quantity 
of ACh liberated in the perfusate was much higher than the quantity ori- 
ginally present in the unstimulated ganglia. They also noted that the 


rate of ACh liberated was high at the beginning of stimulation and fell 
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off progressively to reach a much lower level after 20 to 60 min of stim- 
ulation. This lower level of ACh release was then maintained with little 
further decline. Although one can assume that the fall in ACh output, 
after prolonged stimulation, was probably due to the lack of choline in 
the perfusion fluid, the stimulation did not change the extractable choline 
or ACh content of the ganglia. No explanation for the source of choline 
was provided. 

Kahlson and MacIntosh (1939) confirmed the findings of Brown and 
Feldberg. They suggested that the stimulation (10/sec) did deplete the 
ACh depots, but that the deficit went unobserved by Brown and Feldberg 
because ACh was rapidly synthesized in the short interval between the 
removal of ganalion and its disintegration in the extracting medium. 
Kahlson and MacIntosh perfused the aqanglia with Locke's solution containing 
glucose, mannose and pyruvate and suggested that these substances promote 
ACh synthesis. However, no choline was present in their perfusion fluid 
and no reference was made to the source of choline for this rapid synthesis 
of ACh. It is quite conceivable that inadequate synthesis of ACh, during 
prolonged stimulation, observed by these investigators might have been 
due to the unavailability of endogenous choline and/or lack of choline 
in the perfusion fluid. 

In; 1939 Rosenblueth et az. recorded the responses to submax- 
imal doses of ACh (in SCG of cat) before and after prolonged preganglionic 
stimulation at 60/sec and noted that the threshold response of the SCG 
to ACh first decreases and later increases during prolonged preganglionic 
stimulation. In this connection they also observed that the ACh content 
of SCG first decreases and then increases during this period of stimula- 


tion. However, these latter findings were based on single experimental 
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observations and no further work was carried out to validate or to study 
in more detail these changes in ACh content. 

In 1953 Perry extended the work of Brown and Feldbera and 
Studied the output of ACh during prolonged periods of preganglionic 
stimulation at different frequencies, namely; 5, 10, 20, 31 and 100/sec. 
The cat ganglia were perfused with Locke's solution with or without eserine 
and the output of ACh and choline were measured in the perfusate. In his 
studies, Perry observed that after 40 min of stimulation the total output 
of ACh is little influenced by varying the frequency between 5 and 100/sec. 
But the volley output falls more rapidly as the frequency of stimulation 
is increased (in the ganalia perfused with eserinized Locke's). Perry 
Suagested that the amount of ACh liberated from ganglion by a single pre- 
ganglionic volley is a constant fraction of the ‘available’ stock. He 
further hypothesized that only part of the ACh of a ganglion is readily 
available for release by nerve impulses and that while the ACh released 
by stimulation is quickly replenished by synthesis, the newly formed ACh 
only becomes available at a helmed vlior slow rate, which is equal to the 
steady rate of ACh output (about 4 ng/min) after prolonged stimulation. 
However, in the investigations carried out by Perry, choline an important 
precursor of ACh was always absent from the perfusion fluid. This lack 
of choline may have influenced the rate of synthesis and thus the output 
of ACh in the perfusate. Furthermore, no investigations were carried out 
to study the influence of these different frequencies of stimulation on 
the ganglionic levels of ACh and choline. Source of choline for ACh 
output in perfused (with eserine Locke's) ganglia was also left unex- 
plained in Perry's investigations. 


Following up the observations (Schueler, 1955) that choline is 
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an antidote for HC-3 poisoning (choline chloride, 100 ma/Kq intraperi- 
toneally completely antagonizes 0.2 mq/Kq of HC-3 i.p. whereas 0.05 mg/Kg 
HC-3 was 100% fatal in a group of 50 mice), MacIntosh et al. (1956) tested 
the effect of HC-3 (2 x 10-° M) on ACh output in plasma perfused SCG of 
cat. They perfused ganglia with plasma containing HC-3 and stimulated 
preganalionically at 20/sec. In their investigations it was found that 
after prolonged stimulation the rate of ACh release declined rapidly and 
at the same time aanglionic transmission gradually declined. When the 
ganglion was stimulated during perfusion with eserinized Locke's solution, 
instead of with plasma, it synthesized ACh much more slowly, and synthesis 
was still further reduced if HC-3 was present in the perfusion fluid. 
MacIntosh et al. (1956) suggested that HC-3 is a potent inhibitor of ACh 
synthesis, in SCG, and may compete with choline for a specific carrier 
system thus preventing its transport. (Work concerning the source of 
choline for ACh synthesis and the mechanism of action of HC-3 is dis- 
cussed in the next two sections of this thesis.) 

That aganglionic ACh was stored in different pools was suggested 
by Birks and MacIntosh in 1961. The mean value of ACh content per ganglion 
of 50 ganglia was found by these workers to be 266 ng. In their experi- 
ments when HC-3 (2 x 1075 M) was added to Locke's solution, the perfused 
ganqlion lost 81% of the ACh during one hour stimulation (20/sec). Birks 
and MacIntosh found that only 85% of the ganglionic ACh could be depleted 
by further stimulation and about 15% of total ACh could never be released 
by stimulation. They designated releasable ACh (85%) as depot ACh and 
the rest (15%) as extrasynaptic ACh which was not available for release 
by nerve impulses. Since, during prolonged stimulation, the initial 


output of ACh was always high (about 31 + 2 ng/min) and fell off to a low 
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value (4.3 + 0.7 ng/min) in the last 15 min of one hour stimulation, Birks 
and MacIntosh suggested that depot ACh was made up of a smaller "readily- 
releasable" fraction and a larger fraction which serves as a reservoir 
from which the smaller pool is replenished. They further estimated that 
23% (50 ng) of depot ACh (220 ng) of a ganalion was radtitl$ available 
fraction and the rest (170 nq) was only slowly available for release. 

The data obtained in plasma perfused ganglia (Birks and Mac- 
Intosh, 1961) indicates that more ACh can be released during the first 
5 min of stimulation at 60/sec than at 16/sec; thereafter, however, the 
rate of ACh release declines such that during later periods of stimulation 
the ACh liberated per minute is the same at both frequencies of stimula- 
tion. Birks and MacIntosh (1961) suggested that the two fractions of depot 
ACh were connected in series. The rate at which ACh can be discharged 
is limited by the rate of mobilization of ACh from the laraer into the 
smaller, more readily releasable fraction. 

The regulation of ACh synthesis was also investigated by Birks 
and MacIntosh (1961). They suggested that ganglia stimulated repetitively 
at frequencies up to 20/sec maintain their depot ACh at close to its 
resting level provided that they are supplied with the normal blood or 
plasma. Due to the constancy of this value of ACh, MacIntosh (1963) con- 
cluded that the amount of depot ACh is determined not merely by the balance 
between the conditions favouring synthesis and conditions favouring release, 
but primarily by the number of sites available for storage of ACh. 
According to this hypothesis, any excess ACh synthesized would then be 
immediately destroyed by intracellular cholinesterase. 

Potter et al. in 1968 suggested that ACh synthesis may be reg- 


ulated by mass action laws; that is, by the concentration of choline, 
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acetylcoenzyme A, ACh and coenzyme A in the region of choline acetyltrans- 
ferase. According to this proposal the main driving force for the syn- 
thesis of ACh would be the fall in concentration of ACh in the vicinity 
of choline acetyltransferase. Kaita and Goldberg (1969), however, have 
suggested that the regulation of ACh synthesis may be due to the feedback 
inhibition of the activity of choline acetyltransferase by accumulated 
ACh. In this regard they have shown that 10 mM to 100 mM concentrations 
of ACh reduce the activity of choline acetyltransferase by about 50%. 
However, these were only in vitro studies and whether or not this also 


occurs tn vivo is still debatable. 


D. Source of Choline 


The fact that the endogenous choline may be available for ACh 
synthesis was first observed by Brown and Feldberg (1936). In their ex- 
periments when cat SCG was perfused with choline-free Locke's solution 
and stimulated, the quantity of ACh released during 60 min of stimulation 
exceeded the initial ganglionic ACh content. That ganglia may store 
choline was further supported by the work of Birks and MacIntosh (1961). 
They found that ganglia perfused with choline-free Locke's solution con- 
tinue to discharge choline at the rate of 10 - 50 ng/min even in the ab- 
sence of any*stimulation. 

In order to determine the source and levels of endogenous chol- 
ine, Friesen et az. (1967) carried out chronic preganglionic denervation 
experiments. After 14 days of denervation of cat SCG, they found that 
only 30% of the total ganglionic content of choline was localized in the 


preganglionic nerve terminals. These observations lend additional support 
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to the concept that a comparitively small amount of endogenous choline 
may be available for ACh synthesis in SCG. Since ACh synthesized by 
Locke-perfused ganglia exceeds their original stores (Brown and Feldberg, 
1936), choline must be available from other sources to account for the 
synthesis of ACh in ganglia perfused with (eserinized) choline-free 
Locke's solution. 

Choline associated with phospholipids may be available for ACh 
was suspected by Friesen et aZ. in 1967. They found that about 21 ug of 
choline is associated with phospholipids in SCG. However, most of this 
esterified choline is localized in postsynaptic structures rather than 
presynaptic terminals. The amount of choline released as a result of 
turnover of phospholipids and phosphorylchlorine was estimated more re- 
cently by Collier and Lang (1969). Their results indicate that during 
resting or stimulation only 4 ng/min choline was released from phospho- 
lipid turnover. This small amount of choline released from phospholipids 
may not be of significant value to a large amount of ACh synthesized in 
SCG. However, it may be utilized for a small steady output of ACh as 
observed by Perry (1953) after prolonged stimulation of ganglia perfused 
with (eserinized) choline-free Locke's solution. 

Bligh in 1952 measured the choline levels of plasma and found 
~ that cat plasma contains about 5 x 10-® M choline. It is noteworthy 
that the plasma choline concentration. remains constant even after food 
or exercise. Birks and MacIntosh (1961) observed that addition of extra 
choline to the perfusing plasma does not appreciably increase the output 
of ACh during prolonged stimulation. They suggested that the level of 
choline in plasma may be enough for the optimal synthesis of ACh. 


That extracellular choline is important in maintaining ACh 
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stores in SCG was confirmed by Birks and MacIntosh (1961). They perfused 
ganglia with Locke's solution containing choline (3.5 x 107° M) and de- 
monstrated that after 10 min of stimulation (at 20/sec) the steady levels 
of ACh obtained were significantly higher than in the experiments with 
choline-free Locke's solution. Even more striking was the effect of 
added choline on the extractable ACh content of stimulated ganglia. In- 
stead of being reduced by 40-60%, as in the experiments with choline-free 
Locke's perfusion, the ACh content rose by 107%. They suggested that in 
the presence of choline, the ganglia are able to synthesize ACh at a rate 
similar to ganglia perfused with plasma. Birks and MacIntosh (1961) have 
estimated that synthesis of ACh within the ganglion (perfused with choline- 
containing fluid) is increased seven-fold during maximal preganglionic 
stimulation. Consequently the demand for choline must also be increased 
to ensure an adequate rate of synthesis of ACh. Since preganglionic ter- 
minals store only limited quantities of non-esterified choline (Friesen 
et al., 1967) and little is apparently available from phospholipid sources, 
most of the choline for ACh synthesis during intense stimulation must 
come from an extracellular source. 

More direct evidence for the utilization of extracellular choline 
in maintaining ACh stores in SCG was provided by Friesen et al. (1965). 
They demonstrated that radioactive choline (1"*C-choline) added to the 
perfusion fluid can be incorporated in ACh stores of ganglia. More re- 
cently Collier and Lang (1969) have shown that the labelled choline pre- 
sent in the perfusion fluid can also be incorporated at a measurable rate 
into phosphorylcholine and phospholipids. It is thus clear that the 
level of extracellular choline is an important limiting source for ACh 


turnover during sustained activity in SCG, even though some ACh synthesis 
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can be carried out in its absence (Brown and Feldberg, 1936). 

Some of the extracellular choline trapped by ganglionic nerve 
terminals may have come from the hydrolyzed ACh liberated during stimula- 
tion. Perry (1953) observed that during preganglionic stimulation of non- 
eserinized choline-free Locke-perfused ganalia, the choline output first 
rose and then fell: the rise as he pointed out might be due to the appear- 
ance of hydrolyzed ACh and the fall to uptake of extracellular choline for 
ACh synthesis. He suggested that in the absence of eserine, choline der- 
ived from liberated ACh may be recaptured by the preganglionic nerve end- 
ings and used for ACh synthesis. More recently these observations were 
confirmed by Collier and MacIntosh (1969). Their experimental results 
indicate that about half of the choline obtained from released ACh can be 
recaptured by the preganglionic nerve terminals. 

Ganglionic nerve endings indeed must be remarkably efficient in 
trapping extracellular choline. The performance is impressive when one 
recalls that choline does not readily penetrate into neurons (Koketsu 
et al., 1959) and that the nerve endings account for less than 1% of the 
volume of the perfused ganglion (Birks and MacIntosh, 1963). Since HC-3 
is thought to inhibit ACh synthesis by competing with choline for trans- 
port to the acetylation sites, it becomes a useful tool to investigate 
the metabolism of ACh in SCG. The detailed work concerning the mechanism 


of HC-3 is presented in the next section of this thesis. 


E. Mode of Action of HC-3 


It is now almost two decades since Long and Schueler (1954) 


synthesized a group of bis-quaternary ammonium compounds called hemi- 
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choliniums. Chemically they are bipheynyl choline derivatives cyclized 

by hemiacetal formation. The comprehensive studies by Schueler (1955) 
indicate that one of these compounds, hemicholinium no. 3 (HC-3), is very 
toxic to mice and has much lower anticholinesterase activity than its 
analogues. Its most striking pharmacological action is delayed respiratory 
paralysis and can be prevented by the prior administration of choline. On 
the basis of these and other findings, Schueler suggested that HC-3 acts 

by interfering with some cholinergic mechanisms. 

MacIntosh et aZ. (1956) added (2 x 107° M) HC-3 in plasma per- 
fusing cat SCG and found that, during prolonged stimulation, the rate of 
acetylcholine output rapidly declined and also ganglia lost most of their 
preformed ACh stores. This effect of HC-3 could be antagonized by raising 
the choline content of the perfusing plasma. When the ganglion was stimul- 
ated during perfusion with eserinized Locke's solution instead of plasma, 
it synthesized ACh much more slowly and synthesis was still further re- 
duced if HC-3 was present. In their similar study on mouse brain (minced 
and incubated in eserinized Locke's ), HC-3 (10°* M) diminished the syn- 
thesis of ACh by 75%. Choline, when added, increased synthesis of ACh 
and partly (2 x 107° M) or wholly (107° M) reversed the inhibitory effect 
of HC-3. However, when HC-3 was added to an extract of acetone-dried rat 
brain powder*in-a medium supporting ACh synthesis, little or no inhibition 
of ACh synthesis was observed. MacIntosh et az. (1956) suggested that 
either HC-3 acts on intact nervous tissue by poisoning the enzyme choline 
acetyltransferase (which becomes less susceptible to HC-3 after being ex- 
tracted from the tissue) or HC-3 compete with choline for transport to 
the intraneuronal sites of acetylation. 


That HC-3 prevents ACh synthesis by interfering with choline 
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transport was further supported by the work of MacIntosh et al. in 1958. 
They tested the effect of HC-3 on tubular excretion of choline by the 
avian kidney and found that 2 x 107* M HC-3, added to the infusion fluid, 
sharply diminishes the choline output. When similar tests were made on 
excretion of phenol red, no change in output was seen. Since avian renal 
tubule does not involve any acetylation of choline, MacIntosh et al. 
suggested that HC-3 interferes with acetylcholine synthesis in nervous 
tissue by competitively inhibiting the transport of choline to its intra- 
cellular site of acetylation. 

Gardiner (1957) observed that acetylcholine synthesis by ether- 
treated guinea-pig brain powder was largely unaffected by HC-3. HC-3 
(10-* M) in the presence of 2.5 x 107° M choline reduced the amount of 
ACh by only 10 to 20%. However, in preparations untreated with ether, 
HC-3 (10-* M) reduced the ACh formed in 4% hr, by 84%. This further 
Supported the hypothesis that choline acetylase itself is not affected 
by HC-3 but that the compound acts on the system transporting choline 
into the cell. 

In 1959 Reitzel and Long studied the effect of HC-3 in rabbit 
using the sciatic-gastroconemius preparation. In their experiments, when 
the animal was injected (i.v.) with a low dose of HC-3 (100 wg/Kg) and 
the muscle preparation was stimulated at a frequency of 1/sec, a typical 
delayed block of neuromuscular conduction was observed. This blockade 
of neuromuscular conduction could be prevented by administration of 10 
to 20 mg/Kg choline and reversed by rest. Reitzel and Long inferred that 
HC-3 was capable of acting presynaptically at the neuromuscular junction 
as it does at the sympathetic ganglion. 


Thies and Brooks later in 1961 investigated the effect of large 
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doses of HC-3 and found that HC-3 produces curare-like postsynaptic action 
at the guinea-pig neuromuscular junction. They determined muscle sensi- 
tivity to applied ACh, both in the presence and the absence of HC-3, by 
observing twitch threshold. In their experiments, Thies and Brooks found 
that within an hour after addition of 1.2 x 107* M HC-3 to the bathing 
medium, threshold concentrations of ACh required to produce twitches in- 
creased about 100 times. When 4 x 10-° M eserine was added, HC-3 increased 
the concentration of ACh required to stimulate muscle fibres only 5 - 20 
times instead of 100 times. Choline, however, was ineffective in reversing 
the action of this large dose of HC-3 at the neuromuscular junction. Thies 
and Brooks (1961) also found that HC-3 depresses the amplitude of spon- 
taneous miniature end plate potentials, similar to curare, without inde- 
pendently changing their frequency and suggested that HC-3 may act post- 
Synaptically at neuromuscular junction without affecting presynaptic re- 
lease. 

Birks and MacIntosh (1961) found that HC-3 (1 mg/Kg) caused 
about 70% depletion of ganglionic ACh when stimulated preganglionically 
at 20/sec for 20 min. A corresponding transmission failure was also ob- 
served after the first few minutes of stimulation. With post-ganglionic 
stimulation, on the other hand, a nearly maximal retraction of the nic- 
titating membrane could still be maintained even after an hour of stimul- 
ation. Also the response to preganglionic stimulation, when it had failed, 
could be partially restored either by rest, or by lowering the frequency 
of stimulation or by injecting choline. The degree of restoration with 
choline depended on the choline:HC-3 ratio. When the molar ratio was 
5:1 or 50:1, the inhibitory effect was still present; when it was 1000:1, 


the normal ACh synthesis was restored and the ganglia gained ACh while 
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they were being stimulated. Birks and MacIntosh (1961) concluded that 
HC-3 acts in ganglion presynaptically by inhibiting ACh synthesis. 

Peripheral and post-synaptic effects of HC-3, thus, were unequi- 
vocally demonstrated, but the evidence for a presynaptic effect at the 
neuromuscular junction were still indirect. 

The studies of Elmquist, Quastel and Thesleff (1963) provided 
the first direct evidence that HC-3 could reduce the transmitter output 
from motor nerve endings. Their study was made in the isolated rat phrenic 
diaphragm preparation and it was found that in the presence of 2 x 107° M 
HC-3, a concentration of the drug which had little curare-like effect, 
prolonged stimulation of the nerve produced a progressive decrease in 
transmitter quantum size corresponding to the progressive increase in 
blockade of neuromuscular transmission. 

The early failures to obtain neuromuscular block upon stimul- 
ation of a nerve-muscle preparation probably reflected the very slow 
rate of stimulation that had been used, and many of the perplexing find- 
ings reported by various investigators could be reconciled in the light 
of HC-3's proven ability not only to interfere with synthesis of trans- 
mitter, but to block immediately, in higher doses, the normal reaction 
of ACh with end plate receptors. However, the observations of Elmquist 
et al. (1963) indicate that the resting of the nerve-muscle preparation 
after its run down by prior stimulation, in the presence of HC-3, was 
only followed by a partial recovery of the quantum size. Several hours 
seem to be required for the recovery to be appreciable in the rat-dia- 
phragm preparation. Peculiarly, choline was largely without effect in 
antagonizing the ability of HC-3 to decrease quantum size in vitro. 


Not only that, the addition of choline to the bathing medium while the 
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preparation was being rested, led to only a slightly faster recovery of 
the unit size as compared to rest alone. 

Triethylcholine, known to interfere with ACh synthesis in 
nervous tissue (Burgen et azZ., 1956) behaves essentially like HC-3 at 
the frog neuromuscular junction. Bowman et aZ. (1961) have shown that 
triethylcholine has curare-like as well as prejunctional action. Matt- 
hews (1966) studied the effect of HC-3 and triethylcholine on ACh output 
in plasma-perfused ganglia of the cat and found that despite their almost 
identical inhibiting effect on ACh synthesis, the rate of recovery, when 
perfused with plasma containing excess choline, sa ghace with these two 
substances. Recovery from inhibition by triethylcholine was more rapid 
than the corresponding reversal of HC-3 inhibition. More recently Sell- 
inger et al. (1969) have studied the intracellular distribution of }*C- 
HC-3 in canine caudate nucleus and found that !*C-HC-3 was associated 
in the fraction containing mitochondria-filled nerve endinas. The nerve 
endings containing fewer mitochondria showed much lower affinity for HC-3. 
They suggested that HC-3 does not remain on the cell surface but penetrates 
into the nerve endings. 

This entrance of HC-3 into presynaptic structures and the pre- 
vious findings indicating slow recovery of HC-3 inhibition by excess 
choline suggests that action of the drug is not merely to compete with 
choline at the outer membrane surface but may have one or more sites of 
action within the nerve terminals. One of these actions may be the in- 
hibition of ACh synthesis by competing with choline at some membrane site 
within the nerve terminals. It is also possible that ACh is synthesized 
in the nerve ending SS eoRISeD and then transported into synaptic vesicles 


from which it may be released; HC-3 could inhibit this transfer of ACh. 
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Thus it would be of interest to investigate what effect HC-3 has on the 
endogenous levels of choline (and ACh) of SCG under different conditions 


of stimulation. 


F. Synaptic Vesicles and ACh storage in Cholinergic Nerve Endings 


Fatt and Katz, in 1952, observed spontaneous discharges of 
amplitude of the order 1/100 of the normal end plate potential, in the 
functional region of the isolated resting frog nerve-muscle preparation. 
Except for their spontaneous random occurrence and their small size, the 
discharges are indistinguishable from the end plate potentials produced 
by nerve impulses. These discharges, so-called miniature end plate 
potentials, were found to be greatly reduced in size by a small dose of 
curare (5 x 107? M) and increased by a small dose of prostigmine. Fatt 
and Katz suggested that miniature epp's arise from localized impacts of 
small individual units of ACh upon the post-synaptic membrane. 

Del Castillo and Katz (1954) recorded epp's in isolated frog 
nerve-muscle preparation using intracellular recording technique. They 
observed that by lowering the Ca** concentration and increasing the Mg” 
concentration, the amplitude of the epp can be reduced to that of spon- 
taneous miniature potential. They further analyzed statistically the 
fluctuations ‘in amplitudes of recorded epp's and suggested that the epp 
is built up of smal] all-or-none quanta which are identical in size and 
shape with the spontaneously occurring miniature potentials. The number 
of units making up the epp (number of quanta) decreases when the magnesium 
concentration in the bathing solution is raised. Raising the calcium 
concentration causes an increase in number of quanta. 


Further evidence for the quantal concept was provided by the 
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work of Del Castillo and Katz in 1956. By applying small doses of ACh 

to the end plate, by ionophoresis, they observed that the size of depol- 
arization is graded according to the dose of ACh, and its time course 
varies with the distance and speed of application. Since the potentials 
evoked by one or a few molecules of ACh are far below the resolving power 
of the recording method they concluded that discrete potentials changes 
like the miniature epp's, with their regular size and time course, can 
only arise from a synchronous action of packets of ACh containing a large 
number of molecules at a time. 

Boyd and Martin (1956) and Liley (1956) obtained similar re- 
sults in mammalian (cat) nerve-muscle preparation and suggested that quan- 
tum phenomenon observed by Del Castillo and Katz may be universal. Liley 
(1956) and Katz and Miledi (1965) further studied the curarized mammalian 
end plate during stimulation of the motor nerve terminals and found that 
the size of the ACh packet is not altered by the membrane change associated 
with the nerve impulse. Instead it alters the frequency or the probab- 
ility of occurrence of the quantal event. Thus they concluded that the 
size of the ACh quantum remains constant in spite of widely varyina conditions 
of cell membrane from which it is released. 

About the same. time the ensuing search for a morphological cor- 
relation of the transmitter quanta concluded that the neuromuscular junc- 
tion and presumably other chemically transmitting synapses were charac- 
terized by small spherical bodies, the so-called synaptic vesicles (De 
Robertis and Bennett, 1955) adjacent to the synaptic cleft on the pre- 
synaptic side. De Robertis and Bennett studied earthworm nerve-muscle 
preparation and frog sympathetic ganglia and found that in both cases 


pre- and post-synaptic membranes (about 70 to 100 A thick) were separated 
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by a gap of about 100 to 150 A . Small synaptic vesicles, about 200 

to 500 A in diameter, were present in only the presynaptic side. In 
subsequent years similar observations were made by other investigators 
in different preparations, e.g., in frog neuromuscular junction (Palay, 
1956; Robertson, 1956; Birks et aZ., 1960), cat ganglia (Taxi, 1957; 
Grillo and Palay, 1962), rabbit ganglia (Causey and Hoffman, 1956) and 
frog ganglia (Taxi, 1961). The temptation to equate quantal release with 
the vesicle packaging was presumably almost irresistable (De Robertis 
and Bennett, 1955; Del Castillo and Katz, 1955, 1956). The so-called 
vesicle hypothesis of synaptic transmission thus implies that quanta of 
transmitter are stored and released in association with the presynaptic 
vesicles. Random and scattered release at rest produces miniature po- 
tentials and simultaneous release of large numbers of quanta, due to the 
nerve impulse, produces the post-synaptic potential. 

In an attempt to test the morphological aspect of the vesicle 
hypothesis, Liley in 1956 and later Birks et al. (1960) studied the ul- 
trastructure changes on denervation of the frog neuromuscular junction. 
Birks et al. (1960), by recording intracellularly, found that epp's as 
well as vesicles disappear after 5 to 10 days of nerve degeneration. 

This provided further support to the association of vesicles with the 
spontaneous release of ACh quanta. 

Alterations in vesicle number accompanying various experimental 
procedures of physiological interest have also been investigated. Rapela 
and Covian (1954) reported that on stimulation of splanchnic nerve in dog, 
secretion of catecholamines occurs maximally at frequencies from 40 to 
100/sec. They also noticed a considerable reduction in output when stim- 


ulated at high frequency. De Robertis and Ferreira (1956) studied ultra- 
























00S tuods ,esfoteov atiqanye Irene A aT 63 OOF suods Yo gsp 5 yd 

14 .~Sbf2 ofiqsnyesiq odd yfao nt tnezexq stew ,detemeth at A O0e oF 

eyossptizeyal tsito yd sbam sew 2nottevrsedo velhnte exsey Insupsedue 
XS159) noktonut wiuseumowen, povt nt ,.p.s .2aotisrsqenq Jasvattib at ; 

cVael .txsT) sifonsc ts> ,(O8RT ,.Sm +m advhd -82@lf ,no2disdoh <82eT 

br (Self .ngmttoH bes yseus2) sklpnsp thddey ,(Sdef »velsd bas offtad 

Nitw seasley [stnsup steups ot nottedqmed ofT .( (820 ,txsT) ebfensp por? 

2iz1sdoh 20) oldstetesitt tzomis yidsmwaenq eaw pntosdosa afstesy ord 

bsflso-oe edt .(38@ , 2807 . ste bas of ffde8) fod pede! .tisaned bas 

to sinsup. tsdy 2egtiqmt audd noteetmensyd 2Fiqenye to 2fesdtoayd sfoteev 

oF sgernyesrq anit Attw nottetsoz2s af beessfar brs bsrote evs yvosstmensrd 

Og STuternim essuborg J295 t6 sesetey bevestes2 brs mobnsh...,2afstesy 

ait of sub ,sinsup to 2ysdmun apis! to szesfor evosnatfumte bas efatines 

'6tinajoq oligsayve-220q, sft, eaouborq ,s2fuqmh.ovren 

Siofesv ony to Josq26 [sofpofodquom sid tas¢ of 2qmedts ns nl 

~Iu ond batbute (080T) in to Sdvte vote! bre 300f, at xefts .2f eantoqyl 

-NOrjawe Islvoeumoywen port srt lo dotisvveas’ fo eenneds swdoe west 

o6.2°q99 Jed bruot .yiyslulfsosssnt enibrosss yd , (0087) Am te edvta 

‘TofIsrtenspad syven to aysb Of of ¢ yds wepaqsalh 2efoteay 2s flew 

83 ditw asfotzev to nottstoozas sdt ot troqgue vedtqwt bebfvorq 2tiT 

-63neup nA to sessioy evosnssnoge 
[sdmemtyeqxe avoirsy oniyasamosas sdimun stateev at enol tenes fA, , 

steqed: RAR sl ooo | 
or ae a 


2st 





"1 ee insets ae pre een 
Pe te ym As 





2] 


structural changes in rabbits under similar conditions of stimulation. 
They found that on stimulation of splanchnic nerve at 100/sec for 10 min, 
the mean number of synaptic vesicles increased from 82.6/y2 to 132 ves- 
icles per yp? of nerve ending area. Similarly, when stimulated at 400/sec 
for 10 min, the number of vesicles decreased to 29.2/u?. De Robertis 

and Ferreira suggested that destruction and formation of vesicles in the 
nerve endings is a continuous process. When stimulated at 100/sec both 
destruction and formation of vesicles are accelerated but due to the in- 
crease in catecholamine output (Rapela and Covian, 1954), the increase 

in vesicle formation dominates. However, when stimulated at 400/sec, the 
formation process cannot keep pace with the destruction due to the fatigue 
occurring at this frequency and thus corresponds to low output of catechol- 
amine shown by Rapela and Covian (1954). 

However, attempts to produce similar changes in vesicle number 
of frog neuromuscular changes were unsuccessful (Birks, Huxley and Katz, 
1960). Birks et al. noticed an uneven distribution of vesicles, in the 
nerve endings, with a tendency of accumulation near the synaptic cleft. 
However, no significant change in vesicle number was detected on stimula- 
tion by these workers. 

The main experimental support for the vesicle hypothesis comes 
from the analysis of ACh distribution within intact nerve endings (Whitt- 
aker et al., 1964) isolated from homogenized guinea-pig brain cortex. 
Whittaker et aZ. (1964) isolated synaptic vesicles by suspending the syn- 
aptosomes in distilled water and submitting the suspension to density 
gradient separation. About 50% of ACh remained bound to the structures, 
mainly synaptic vesicles, and was not accessible to hydrolysis by chol- 


inesterases. However, the remaining 50% of synaptosomal ACh could not be 
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accounted for by vesicles or by vesicle hypothesis of transmitter release. 
Whittaker et al. (1964) suggested that this was an osmotically labile 
fraction of ACh which may be located in synaptosomal cytoplasmic sap and 
can be preserved with cholinesterase inhibitors. 

The drug hemicholinium no. 3 (HC-3) has been shown to reduce 
the amount of ACh synthesized within nerve terminals (MacIntosh, Birks 
and Sastary, 1956; Gardiner, 1957), presumably by competing with choline 
at some stage leading to its acetylation to form ACh. In search for mor- 
phological changes, Csillik and Jod (1967) studied the effect of HC-3 
on ultrastructure of parietal cortex and caudate nucleus of rat brain. 
They found that when rats were injected with HC-3 (10 mg/Kg) I.P. and 
killed after 23 - 35 min of injection, a significant decrease in vesicles 
occurred in the parietal cortex, but no change in vesicle number was ob- 
served in the caudate nucleus. However, the control vesicle number, as 
determined by Csillik and Joo (1967), were significantly higher in the 
parietal cortex than in the caudate nucleus. Furthermore, the decrease 
of vesicle number, in the presence of HC-3, was only to the level of vesicle 
population in caudate nucleus. These variations may be due to structural 
changes during the interval the tissue was isolated and subjected to fix- 
ation or due to difference in amount of HC-3 reaching the tissue. 

Hubbard and Kwanbunbumpen in 1968 investigated the effect of 
ACh release with KCl on the vesicle population of neuromuscular junction 
in the rat diaphragm. When nerve-muscle preparations were soaked in 
20 mM KCl for two hours, a significant depletion in vesicle population 
close to the synaptic membrane occurred. Under the same conditions 
Parsons et al. (1965) found that the number of available quanta is sig- 


nificantly increased. Similarly, depolarizing currents applied to the 
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nerve terminals were found to reduce the available stores of ACh (Hubbard 
and Willis, 1968) yet they increased the number of vesicles close to pre- 
synaptic membrane (Landon and Kwanbunbumpen, 1968). 

Although several other conflicting evidences are available, 
both in favour and against the hypothesis, data relating to the quantita- 
tive aspects of ACh content and release with morphological changes at 
junctional sites are rare. Formidable technical difficulties lie in the 
way of any attempt to find significant alterations in vesicle populations 
after procedures which affect ACh stores. For example, in most cases the 
tissue has to be isolated, after treatment, before fixation. This interval 
between isolation and fixation may cause alteration in transmitter levels 
which may cause corresponding repair or reformation of depleted vesicles 
and thus change the vesicle population. 

Some of the problems can be overcome by the use of superior 
cervical sympathetic ganglia (SCG) as a preparation for the investigation 
of vesicle phenomenon. SCG can be fixed while still being stimulated and 
a paired control ganalion is also available to study the corresponding 
changes in the transmitter levels. Thus present investigations were 
undertaken, using cat SCG, to study the correlation, if any, between the 
vesicle population and quantitative changes in ACh content under different 


experimental conditions. 


ry 


WTO Ui | 


S19 92 S20i9 29) 


thtnaup on ona 
c ( A \ 
~ ] : 7 ~ 
10 : af ) 
f i nf { 
te8) 
. i735 
% 
’ ij ' 
iF ‘ 
} 
( lee #7 
c Bh 
S15 nsswied ¥itG 


SnsyettTb wbsy toedtno5 


“JA to 29790f2 


sidsifeva eiey soubsy 


n" 


? APT 


“Ssdmun ads beeser 


8 pofsotlinos 


nesqmudnudnsw 


oj bro? stew alentmied sy ren 
ant yond gay (880T ,etITtW bne 
bas nobrst) snsxdmam ottqenye 


Yaito isysvee movant lA 


6b ,2fesnhtogyn sts senses bone wovst nt dgod 


a>, Fé 


oOo JTW 
[ noe: 
i¢ 9316 
* 23 
yi 
is 
: OTS"! 
uw & 
Gs 
) -\ i 
J5iS% 


xi" curt 1A5 1, ty 


ais y bas Jnetooo AJA to etoades svt? 


sidsbinriod .3%5% sys 29dte lenottoavt 
WIT Triple ony oF Jamesdss yas To yew 
tot: *t5 dofiw cevubeoora yerts 


6853 votts .bajslozi ad oF aed sueets 

UBD V6R! MOTISxT 6 NMortsioe? seewisd 

(reqs pntbroqesyros seuss yem Aotdw 

rJeiucoq sijar2ayv sat spasio 2ud? bis 
is) 2m6idoy sds to emod 


oJ) sf Tonmso tsrfijsamve [sofv1s. 
fhersamonsta sfoteev to 

noflonsp fovtnoo bettsaq 6 
elovel yalsimeaeys oft at zspneno 


YOUJ2 OF ,d0e 362 pnfeu ,astsirvabau 


eSspné6no ovrtéesiinsup bras aofislugqoq s{fotzev 


.efottibaos [stnemtysqxs 





RATIONALE FOR PRESENT RESEARCH 


A. Acetylcholine Content and the Storage Capacity of Superior Cervical 
Sympathetic Ganglia of Cats 


The present study arose from the chance observation that the 
ganglia resting for about an hour following several minutes of stimula 
tion, at 60/sec, appeared to contain more ACh than is normally stored in 
the unstimulated ganglia of cat. The survey of the literature revealed 
that a similar preliminary observation had been made by Rosenblueth 
etal. in 1939. These workers found that the ACh content of a superior 
cervical sympathetic ganglion of the cat first decreases and then in- 
creases during prolonged period of stimulation at 60/sec. However, 
these latter findings were based on single experimental observations and 
no further attempts were made by these workers to rigorously substantiate 
this transient change in ACh content of ganglia during stimulation at 
60/sec. Also, these observations appeared to be in conflict with the 
proposal made by MacIntosh in 1963. 

MacIntosh (1963) observed that the ganglionic content of ACh 
remains relatively constant during rest or preganglionic stimulation at 
20/sec. Evidently these ganglia possess the ability to rapidly increase 
the rate of éynthesis thereby quickly replacing the ACh released during 
excitation. In this regard MacIntosh (1963) proposed that the ganglia 
store no more than a fixed quota of ACh because during rest or activity 
the ACh binding sites are nearly saturated; any ACh synthesized in excess 
of that which can be stored would be hydrolyzed by acetylcholinesterases 
within the nerve terminals. However, this proposal does not explain 
the chanaes in ACh content observed when these ganglia are stimulated 
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at frequencies greater than 20/sec (Rosenblueth et aZ., 1939). These 
preliminary observations indicate that the storage capacity for ACh is 
normally not saturable or additional sites can be produced. 

With the objectives in mind to validate the observations of 
Rosenblueth et az. and to clarify the above conflicting evidences, the 
time-course effects of preganglionic stimulation at 60/sec on the content 
of ACh and choline of the superior cervical sympathetic ganglia of cat 
was studied in the present thesis. The influence of rest periods on 
ganglionic stores of ACh and choline after initial stimulation at 60/sec, 


was also investigated. 


B. The Time-Course Effects of Hemicholinium no. 3 on the Acetylcholine 
and Choline Stores and the Estimation of the Size of Readily Releas- 
able Pool of Acetylcholine in Sympathetic Ganglia of the Cat 


Our investigations on 60/sec stimulation revealed that about 
30% of the ACh content of ganglia can be depleted within 2 min of stim- 
ulation. This observation can be interpreted to mean that one-third or 
more of the total ACh stores of a rested ganglion can be mobilized for 
release within 2 min; for one must assume that some of the ACh liberated 
during this stimulation period was replaced by resynthesis. How much of 
the readily mobilizable pool of ACh is immediately available for release 
is a debatable issue and may be difficult to determine with any degree 
of accuracy. However, Birks and MacIntosh (1961) have proposed that 
about 50 ng (23%) of ACh in a resting ganglion may be ready for immediate 
release. This compares with about 90 - 120 ng (30 - 40%) of ACh per 
ganglion, which can be estimated to be in the immediately releasable form 


based on our results during 60/sec stimulation. These latter results 
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were of sufficient interest to warrant further research in this area. 
The drug HC-3 has been shown to reduce the amount of ACh syn- 
thesized within the nerve terminals (MacIntosh et aZ., 1956; Gardiner, 
1957) presumably by competing with choline for transmport to acetylation 
site. However, very little attention has been paid to the time-course 
effects of HC-3 on ACh or choline content of nerve tissues. With the 
previous results in mind it was felt that useful information regarding 
the size of the readily releasable pool of ACh, and choline metabolism 
in sympathetic ganglia, may be obtained by further investigation in this 
area. Specifically, we decided to investigate the time-course of the 
effects of different doses of HC-3 on ACh and choline content in ganglia 


stimulated at different frequencies of stimulation. 


C. Ultrastructure of Presynaptic Nerve Endings in Relation to the 
Ganglionic Stores of Acetylcholine 


The discovery of the quantal nature of ACh release (Fatt and 
Katz, 1952; Del Castillo and Katz, 1954) and the subsequent finding that 
the nerve endings contain numerous agranular vesicles, lead to the 
Suggestion that these vesicles were involved in the storage and release 
of ACh (De Robertis and Bennett, 1955; Robertson, 1956). Somewhat later 
Whittaker and co-workers (Whittaker et aZ., 1964) were able to demonstrate 
that agranular vesicles isolated from brain tissue contain appreciable 
quantities of ACh. Attempts have also been made to test the morpholog- 
ical aspects of the vesicle hypothesis. Thus, some authors have reported 
a decreased number of vesicles during increased transmitter release (De 


Robertis and Vaz Ferreira, 1957; Hubbard and Kwanbunbumpen, 1968), others 
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have reported an increased number (De Robertis and Vaz Ferreira, 1957) 
and still others have not observed any changes (Birks, Huxley and Katz, 
1960; Burnstock and Merrilees, 1964). One most important aspect would 
be to search for the morphological changes in terminals, particularly 
the vesicle population, during experimental conditions which cause quan- 
titative changes in the transmitter stores. 
Our previous results indicated that ganglia release more than 
30% of the ACh stores, within a few minutes, if stimulated at 60/sec. 
The data further suggested that this lost ACh content can be recovered 
very quickly if the ganglia are allowed to rest after the initial stimul- 
ation at 60/sec. The data on the effects of stimulation, in the presence of 
HC-3 (2 ma/Ka), revealed that about 50% of the ACh stores of aanalia can be 
released within a few minutes. These results prompted us to investigate 
if similar conditions of stimulation, HC-3 and the rest periods following 
initial stimulation, would cause alterations in the number of agranular 
vesicles corresponding to the changes in ACh content of ganglia. 
Thus the major objective of this aspect of the research was 

to establish what relationship, if any, exists between the ACh content 
of the superior cervical ganglion of the cat and the number of vesicles 
jin the preganglionic nerve terminals. In this regard the ultrastructural 
changes in the presynaptic nerve endings were determined in relation to: 

(a) ACh content of ganglia during preganglionic stimulation at 
different frequencies. 

(b) ACh content of ganglia during preganglionic stimulation at 
60/sec, followed by different rest periods. 

(c) Preganglionic stimulation at different frequencies in the 


presence of HC-3. 
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MATERIALS AND METHODS 


A. Drugs and Other Solutions 


ee 


Some of the drug solutions in the present investigation were 
unstable in aqueous solution; hence it was frequently necessary to pre- 


pare fresh solutions of these agents. 


1. a-chloralose 


a-chloralose solution 80 mg/ml was prepared just before use 
by dissolving the drug in propylene glycol, preheated to 80°C in a 


water bath. 


2. Acetylcholine stock solution 


The stock solution of acetylcholine (2 yg/ml) was prepared by 
dissolving acetylcholine iodide in 0.9% saline containing 0.2% acetic 
acid and was stored in a freezer. It is noteworthy that use of acetyl- 
choline iodide is made because it is less delequescent and more stable 
than acetylcholine chloride. Fresh stock solution was prepared about 
every month. Dilutions from the stock solution were made just prior to 


each bioassay. 


3. Hemitholinium no. 3 solution 


Different concentrations of hemicholinium bromide were pre- 
pared in 0.9% saline solution and stored in the freezer. Fresh stock 


solutions were prepared about every two weeks. 


4. Locke's solution 


The Locke's solution used for bioassay had the following 
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composition in g/l: NaCl, 7.5 g; KCl, 0.42 g; CaC12.2H20, 0.32 g; 
NaHCO3, 2.1 g; and dextrose, 1.00 g. The solution was aerated for 


30 min with oxygen. 


5. Millonig's buffer 


Millonig's buffer was prepared by titrating 40 ml of 2.26% 
monobasic sodium phosphate (NaH2P0,.H20) solution to pH 7.3 with 5N 
NaOH. Five ml of 10.8% glucose was then added and the total volume was 


adjusted to 50 ml using distilled water. 


6. Fixative solution 


The fixative (2% glutaraldehyde) was freshly prepared by mixing 
0.2 parts of 50% glutaraldehyde solution with two parts of the above pre- 
pared Millonig's buffer. The desired osmolarity (equivalent to 0.9% 
saline) was then obtained by dilutina this solution with 2.8 parts of 
distilled water. Before the fixative solution was utilized, it was 


filtered through sintered glass. 


B. Surgical Procedures 


Cats were anesthetized with q-chloralose 80 mg/Kg administered 
intraperitoneally. The trachea and one femoral vein were cannulated. 
In experiments where it was necessary to record blood pressure, one 
femoral artery was also cannulated. Superior cervical ganglia along 
with the sympathetic trunks and carotid arteries were exposed. When- 
ever necessary the lingual and external carotid arteries were also ex- 
posed for ligation. Most of the arterial and venous branches of the 


carotid artery and jugular vein were ligated. A loose ligature was 
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placed around each postganglionic trunk to facilitate rapid removal of 


ganglia. The preganglionic trunks of both ganglia were ligated and cut. 


C. Stimulation Parameters 


Warm mineral oi] was placed in the neck cavity and surrounded 
the preganglionic nerve trunk of the SCG. The nerve trunk on one side 
was stimulated with a bipolar platinum electrode and the contralateral 
ganglion served as a resting control. In experiments with HC-3, the drug 
was administered I.V. 5 min prior to the beginning of stimulation. 

Pulses of 2 msec duration, at different frequencies, were delivered by a 
Grass Model SD5 stimulator. The animals were grounded during stimulation. 
A supramaximal voltage (usually 8 v) was employed in all of the above 
experiments. Stimulation response was judged by the degree of mydriasis 
and/or the isometric contractile response of the nictitating membrane. 
During prolonged period of stimulation the electrode was moved forward 
every 5 to 10 minutes. Approximately a minute before the end of the ex- 
periment the loose ligature around the postganglionic trunk was tied in 
place. The ganglia were removed within 15 sec by approaching them from 
the postganglionic end and the last thing cut was the preganglionic 
stump. This procedure ensured that the ganglia were being stimulated 


until the last possible moment. 


D. Extraction Procedure 


Several procedures have been used for the extraction of ACh 
and choline from the tissue. However, the values of ACh obtained by 


our procedure (hot ethanol extraction) are similar to those reported 
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by other investigators who have extracted with 10% trichloroacetic acid 
(Birks and MacIntosh, 1961; Matthews, 1966). Also ethanol can be removed 
by simple evaporation whereas the removal of trichloroacetic acid is a 
more time consuming procedure. In addition, traces of TCA may adversely 
affect the bioassay preparation. 

Excised ganglia were immediately immersed in a 95% ethanol 
solution at 80°C containing 0.2% acetic acid, and maintained at this 
temperature for 10 min. The ganglia were then minced and heated for an 
additional 5 min at 80°C to ensure the complete extraction of ACh and 


choline. The final volume of the extract was 4 ml per ganglion. 


E. Bioassay Procedure 


An aliquot of the ganglionic extract was evaporated at 40°C, 

with the aid of a stream of nitrogen gas, to remove all the ethanol. 

The resultant residue was then dissolved in 0.8% NaCl and bioassayed 

for ACh with the use of guinea-pig ileum preparation (MacIntosh and 
Perry, 1950). Another aliquot was evaporated for the estimation of cho- 
line and was then acetylated by the method of Emmelin and MacIntosh 
(1956) using acetylchloride, .and then bioassayed for ACh activity. 

A number of tests were performed to verify that the biological 
activity measured was due to ACh (Chang and Gaddum, 1933; MacIntosh and 
Perry, 1950). The assay values obtained with the ileum preparation were 
not significantly different from those determined by the vasodepressor 
response in cats. Atropine blocked the biological activity in both pre- 
parations and the incubation of the solutions in whole blood at room 
temperature for two min destroyed the ACh-like activity. Similarly when 


samples were heated in alkaline solution of pH 11 for 1] min at 100°C, 
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their ACh-like activity was lost. In contrast no appreciable loss of 
activity was obtained by heating samples for 1 min at 100°C in a solu- 


tion of pH 4. 


F. Measurements of Choline in Plasma 


To determine the concentration of choline in cat plasma, about 
143 ml of blood was withdrawn from the femoral vein into a syringe con- 
taining 3 units of heparin. The contents of the syringe were immediately 
put into centrifuge tubes which in turn were placed in an ice bath. The 
cellular elements were removed by centrifugation at 4°C; 4 ml of plasma 
thus obtained was mixed with 3% ml of hot (80°C) 95% ethanol containing 
0.2% acetic acid. This mixture was heated for 10 min at 80°C and the 
precipitated proteins removed by centrifugation. Aliquots of this 
ethanol solution were then evaporated and acetylated by methods already 


described in bioassay procedures for the estimation of ganglionic choline. 


G. Procedures Involving Ultrastructure Studies 


1. Fixation of ganglia 


To ensure a rapid and uniform fixation of all parts of the 
tissue, ganglia were perfused through the carotid artery with the aid 
of an roeiot pump. Fixation by perfusion is considered superior to 
flooding the tissue externally, for the latter method will take a much 
longer time to diffuse into the tissue (Maunsbach et aZ., 1962). About 
a minute before the end of the experiment the lingual and the external 
carotid arteries were ligated. The main carotid artery was then rapidly 


cannulated and the ganglia were perfused for about 10 min with a 2% sol- 
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ution of glutaraldehyde prepared in Millonig's buffer (Millonig, 1961). 
To minimize the dilution, the tissue was perfused with excessive fixative 
for the first few seconds and perfusion was then maintained at the rate 
of 1.6 ml/min. At the end of the perfusion period ganglia were excised 
and placed in the glutaraldehyde solution. The main body of the ganglia 
were cut longitudinally into three pieces and were usually stored in the 
fixative solution at 5°C for several days. Since most of the presynaptic 
nerve endings are localized in the central area, the middle section was 


generally selected for subsequent electron microscopic studies. 


2. Post-fixation with osmium tetroxide 


Before embedding, the tissue was post-fixed with osmium tetroxide. 
Osmium tetroxide, being a strong oxidizing agent, is readily reduced by 
the unsaturated lipid components of tissue and forms osmium blacks along 
with osmium oxide as a by-product. Because of its electron scattering 
properties the atoms of co-ordination compounds of osmium remaining in 
the tissue contribute to the formation of contrast in electronmicrographs. 

In order to minimize the possible reaction between glutaral- 
dehyde and osmium tetroxide during post-fixation, most of the excess 
fixative was washed off. The tissue was rinsed with 1 ml of Millonig's 
buffer for about 15 min; this procedure was repeated three times. After 
rinsing, feaci sete was removed and plunged into a test tube containing 


1% (w/v) osmium tetroxide. The tissue was kept in contact with osmium 


tetroxide for about an hour or until it turned dark brown. 


3. Embedding 


After post-fixation of the tissue with osmium tetroxide, the 
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tissue was washed once again with Millonig's buffer to remove any excess 
of fixative. The tissue was then subjected to dehydration with graded 
concentrations of ethanol (from 50% to absolute). The aim of dehydra- 
tion is to remove all the free water from the fixed and washed tissue 
and to replace it with a suitable organic solvent such as ethanol. 
According to Millonig (1966), ethanol causes less contraction of cellu- 
lar materials than most other known solvents. 

After dehydration with the final concentration of ethanol 
(absolute ethanol), the tissue was kept in contact with one ml of pro- 
pylene oxide for about 15 min. Because most resins are not readily 
miscible with ethanol, propylene oxide is used as a transitional solvent 
before embedding in the epoxy resin. It should be noted, however, that 
propylene oxide is very reactive even at low temperatures and should not 
be used for longer than 15 min. If allowed to penetrate for a longer 
period, it may combine with the reactive groups in the cells and may 
affect certain histochemical and staining reactions. 

The tissue was then embedded in epon 812 using standard molds. 
Epon 812 resin, because of low viscosity, penetrates into the tissue 
Specimen faster than other resins and can be easily hardened uniformly 
at low temperatures with the addition of acid anhydrides and an amine 
accelerator. | In the present investigation DDSA (dodecenyl succinic 
anhydride) and NMA (nadic methyl anhydride) were the acid anhydrides 
used. DMP-30 [2,4,6-tri(dimethylaminomethyl )-phenol] was used as an 
accelerator. 

The following embedding formulation, originally reported by 


Luft (1961), was used in our investigations: 
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Mixture A Mixture B 
Epon 812 - 66 ml Epon 812 - 100 ml 
DDSA - 100 ml NMA - 84 ml 


Final embedding mixture: 
Mixture A - 5 ml 
Mixture B - 5 ml 
DMP-30 - 0.1 ml (1%) 

Since the molecular weight and viscosity of all the ingred- 
jients differ, it is imperative to mix all the ingredients very thor- 
Oughly. The accelerator should be measured carefully, otherwise the 
block becomes dark in color and too brittle for satisfactory sectioning. 

The tissue samples were kept in embedding medium at room 


temperature for 4 to 6 hr followed by 72/hr..at 60°C. 


4. Sectioning 


After embedding, the samples were sectioned into 60 to 100 mp 
thick slices, using a MT-2 Ultramicrotome. The thickness of a section 
was estimated by observing the interference color in light reflected 
from the section while it is floating on the surface of distilled water 
in the trough. After sectioning, the sample sections were collected 


on copper grids with the help of camel hair. 


5. Staining 
Generally, the tissue is stained more than once in order to 
achieve adequate differential electron opacity. In the present investi- 
gation, the tissue was stained with lead citrate and post-stained with 


uranyl acetate. 






















fm OT - SB Hoa? for 33 - STB nog3 ae. 
im 58 - AMM fm OOF ~ AZ0G : 
‘stusxtm pntbbadms Tsar a 


fm 2 - A svutxiM 
ime = 8 syysxtM 
(ST) fm £0 = 0&-4Md 
“oSimny ony ifs Yo yJreoozty bas sdotew rafussfom ond sonte 
~Yors ys 2tna theron ott (ls xfm ot evitexsamt ef tt .4aP91b eének 
ont setwrento .yifuterss bewesem sd bluod2 totsvefaoc6 adT fdpuo 
-Pitnoryos2 ytotjstetsee vot af3ztad ood bas 4ofoo ni d+eb zenoosd A20fd 
mOOY 75 muroem pnfbbedme nt tqs% stew 2esfomae suzets ont 


-J°00 36.78 ST vd bewollo? at 3 of B +0? syussisqineds 


pninotsos2 .& 
ym GOT of O98 otnt banottos2 s1ow 2zefanse sH4 -piitbhsdme yestA 
Ners592 6 To 22eantordy-sAT _amesoraimsyd fU: S21M 6 onfeu ,2eotha dotds 
betcoettsy iripil nt volon sonsystveini sng enftvisedo yd batemttes esw 
w36W Dafittztb to sasttwe ads no ontisolrt zt Jt offdw nodose sat mort 
bsdoailos stew zrotiosz sfame2 ont -Pninotsog2 YetItA .ApwoNs sid nt 


‘ia [om6o to glen sit Attw abtyp 4sqq00 HO 


—— a “wh 
l, ro : 


- ey e-320q | 
an hee fis 
oo ee . 


tz et of ‘a 
- ~ 7 





on 













36 


The tissue sections were treated with saturated solution of 
lead citrate for about 15 min. The excess of the solution was then 
washed and the sections dried with filter paper. This was followed by 
staining with uranyl acetate. After staining with uranyl acetate for 
about 15 min the sections were once again washed and dried on filter 
paper. Since bound or free fixative in the tissue may react with the 
stain, every effort should be made to wash out the unbound fixative before 


staining. 


6. Preparation of electron micrographs 


A model JEM-7A (Japan Electron Optics Laboratory Co. Ltd.) 
electron microscope was used for preparing electron micrographs. Five 
to seven pictures per sample were taken at a magnification of 25,000. 
The main criteria used for the identification of the nerve endings was 
the specialized contact between pre- and post-synaptic membranes, visual- 
ized as a dark region separating the two membranes. A picture was taken 
each time such a nerve ending was seen with the electron microscope. 
These electron micrographs were then magnified three times during printing. 
Thus the final magnification obtained in photographs was 75,000. To 
eliminate bias, neither the person taking the electron microscopy pic- 
tures nor the person assessing the ultrastructural changes was aware of 


the experimental conditions to which the ganglia under investigation had 


been subjected. 


7. Evaluation of electron micrographs 


The population of vesicles, either agranular or dark-core, 


in preganglionic nerve terminals is expressed as the number of vesicles 
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per u*. To obtain these figures, the total number of the respective 
vesicles in the nerve endings was counted and the total area of the 
nerve endings as depicted on the electron micrographs was determined in 
u?, using a planimeter. No corrections were made for the areas occupied 


by mitochondria or other vesicular bodies (e.q., area occupied by dark- 


core vesicles while evaluating changes in number of agranular vesicles) . 


while determining the number of vesicles per u?. 

In order to estimate whether the distribution of vesicles 
clustered near the presynaptic membrane was affected by the experimental 
procedures, a line was drawn on the electron micrographs parallel to 
this membrane at a distance of 2000 A from it. A perpendicular line was 
drawn at each end of the synaptic junction; 2 regions, non-synaptic area 


° 
and a zone of 2000 A near the pre-synaptic membrane were thus defined. 


The concentration of the vesicles in both of these regions was evaluated. 


The statistical significance of the effects of the experimental proced- 
ures on vesicle concentration was tested by Dunnett's test of analysis 


of variance (Dunnett, 1955). 
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RESULTS 


A. Acetylcholine and Choline Content of Control Resting Ganglia 


The ACh and choline content (mean + S.E.) of 111 control res- 
ting ganglia were 280 + 7.2 ng and 243 + 9.2 ng per ganglion respectively. 
The values of ACh obtained with the hot ethanol extraction procedure are 
similar to those reported by other investigators who have extracted with 
10% trichloroacetic acid (Birks and MacIntosh, 1961; Matthews, 1966). 
Ganglionic choline levels varied considerably from cat to cat ranging 
from 94 to 593 ng per ganglion; this may explain why the mean value 243 ng 
is somewhat higher than the 173 ng per ganglion (average of 19 ganglia) 
reported earlier by Friesen et al. (1967). However, the choline content 
of ganglia from the same cat is relatively constant. In six experiments 
where the resting ganglia from the same cat were compared, the individual 
choline values for the corresponding left and right ganglia did not differ 


by more than 15% and the mean values varied less than 2%. 


B.. Effects of Preganglionic Stimulation on Acetylcholine and Choline 
Content of Ganglia 


The time-course effects of continuous preganglionic stimula- 
tion at 60/sec are illustrated in Fig. 1. The superior cervical ganglia 
in all experiments were maintained zn sttu by their own intact blood 
supply. The ACh stores were reduced by 30 - 40% within the first 8 min 
and then they gradually returned to control values after a total of 15 - 
30 min of continuous stimulation. Ganglia stimulated for 45 min con- 


tained the same amount of ACh as the contralateral unstimulated ganglia. 
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Fig. 1. The Effects of Continuous Preganglionic Stimulation at 60/sec 
on the ACh and Choline Content of Cat Superior Cervical Ganglia 
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Choline levels, in contrast, did not change significantly during the 
first few minutes of stimulation but thereafter began to increase to a 
maximum of about 130% after 30 min of stimulation. Subsequently the 
choline content declined and approached control levels at 45 min. 

In view of the results obtained with a frequency of 60/sec, 
experiments were conducted to determine whether a similar decrease in 
the ACh content could be induced by stimulation at lower frequency. The 
data presented in Table I demonstrate that ganglia stimulated at 20/sec 
for 2 or 8 min maintained their ACh stores. 

Experiments were also conducted to determine whether stimulation 
at 60/sec could cause a reduction in the ACh content of ganglia which have 
been previously stimulated at lower frequency. The data are presented 
in Table II. Although stimulation of previously rested ganglia at 60/sec 
decreased the ACh content, this frequency of stimulation was unable to 
produce such a change in ganglia stimulated for 30 min at 20/sec just 
prior to increasing the frequency to 60/sec. Probably the best explana- 
tion for these results is that the size of readily releasable pool of ACh 
was reduced during the period of stimulation at 20/sec. 

Birks and MacIntosh (1961) have proposed that a normal resting 
ganglia contains about 50 ng of ACh in the form which is immediately 
available for; liberation. This estimate may be too low, since pregang- 
lionic stimulation at 60/sec for 2 min decreases the ACh content by 90 ng; 
this amounts to about 30% of the total stores of ACh in the ganglion. 
However, in order to make an accurate estimate of the size of this pool 
on the basis of a reduction in the ACh content, one would have to know 
not only the amount of preformed ACh which was mobilized into a releas- 


able form, but also the quantity of the recently synthesized ACh re- 


Ob 


add ents yf Insoitinote spnato ton bib .Jeentnos ab .efoyel sntford a 
6 0) Seastont ot nsosd yostseterdt sud oold¢sfuntte Yo eotuatm wet Jerk? 


- 
ony ylinsupaedve .Aottslumbte to atm OF yadte LOEl tuods to mumhxen 
tim €) 36 2zlevel fowgnon betosovqas bas bantfosb tasdaos ent fords 25 
.282\08 to yoneups7? 6 Atiw bentstde etfuzsy aft to watv nl 
nf szssv9sb wilimte 6 +siterw snivmvedob of betaubnos |svow 2eJnamtyeaqxs 


oT (onsupsi? iswol js nortelumite yd bsowbat 4ad bluse tastaoo AOA off 
a92\CS 38 badstumite stipasp fads ststtenomab LP SstdeT nt botnseer efab 


s1ot2 NOA trond benisintam ntm & vo $ vo? 


HorsslumbIz rsAtelw anfaysysb ot batsubnop oefe svaw 2inomtysaxd 
Svén roriw sfipnsp to Insane AOA edd at notfoubsy 9 seugo bids seavee fe 
87NS29"0 375 Siseb al Lonaupst? yewol ts bsdeiumit2 yleuetvera asad 


392\00 3s silpnsp betzoy viewotve1a Yo nottslumtse fipvossiA .1T sfdet at 


1) OS Ew tortslumrise to yonsune yt etd 383009 NOAA SnD Baeesewseb 

eut, 292\08 36 nfm O€ 1Gt betsfumtse stfonep at spfiatd 5 fouz soubor 
sfsiaxe tend sdt vidadoy9 .450\D; J yonsupart sit pafessioqt oF dor . 

ADA \ S1 70 ssi2 ott Send ef 2d fues7 sestt wt nets 


92\0S Is noisstumtte to botyeq Sit entrub besdber 2ew 

eniseay lanrion 6 +64? bs#oqoyd sysi def) deojnlosM bos 2dvte 
vletethsmnt ef ristiw aot odd nt AA to pn O2 tuods. enfstnos st lorsp 
“phepeng Sonte .wol ood sd ys. stamites 2h? .notsexed?l yor sideltsvs 
eam O08 xd nsdnoo WIA orig eeesoio9b nim $ vot re2\02 ts hottetumtye atnetl 
sf! fenep anid a7 inane: Ce eee a> 


pis aa el chats. ul <9 4 








— ws 


TABLE I 
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Table I illustrates the inability of preganglionic stimula- 


tion at 20/sec for 2 and 8 min to lower the ganglionic ACh content. 


For the purpose of comparison, the effects of stimulation at 60/sec for 


the same duration are also presented. 


The values represent mean + S.E. 


of 4 to 7 experiments and are expressed as ng/ganglion. 
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TABLE II 


Comparison of the ability of an 8 min period of ganglionic 
stimulation at 60/sec to decrease the ganglionic ACh content of pre- 
viously resting ganglia, with the effects seen in ganglia which have 
been stimulated at 20/sec for 30 min just prior to switching the fre- 
quency to 60/sec. The influence of stimulation for 30 min at 20/sec is 
also presented. The values represent the mean + S.E. of 4 - 6 experi- 


ments and are expressed as ng/ganglion. 


ACh Content (ng per ganglion) 


Stimulation —_— % Change in 
Parameters Control Resting Stimulated ACh Content 
8 min 60/sec 3101 toe 184 + 15 -4] .2* 


30 min 20/sec 
& 8 min 60/sec 2/ lee s3 301.2 34 eM RSE be 


30 min 20/sec BOS an tis 359 + 26 +16.2* 


* p < 0.05 as compared to the resting contralateral control ganglion. 
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tained by the ganglion during 2 min period of stimulation. 


C. Rate of Recovery of the ACh Content During a Resting Period After 
Preganglionc Stimulation 


With continuous stimulation at 60/sec the ganglia eventually 
recover the ACh lost during the initial period of stimulation, but this 
process occurs quite slowly over a period of about 15 min. Hence it 
was decided to determine how quickly ganglia would restore the ACh when 
allowed to rest following 4 min of stimulation at 60/sec. The results 
are illustrated in Fig. 2. In these experiments the ganglia were stim- 
ulated at 60/sec for 4 min and then were allowed to rest for 2 to 20 
min. The results show that under these conditions the ACh stores re- 
covered within 2 min; but thereafter the ACh content continued to rise 
and reached 130% of control after 10 min of rest. During the initial 
2 min of rest these ganglia synthesized at least 45 ng/min; this rate 
is considerably higher than the 29 ng/min observed by Birks and Mac- 
Intosh (1961) in plasma perfused ganglia stimulated at 20/sec. These 
data indicate that ganglia can very quickly resynthesize any ACh lost 
during stimulation and clearly demonstrate that this tissue can store 
more than a fixed quota of ACh even in the absence of an anticholines- 
terase drug.* The choline content also rose during the rest period and 
attained 128% of the control values after 10 min of rest. Subsequently 
choline levels declined toward control levels. In this experiment as 
well as in the one depicted in Fig. 1, the choline levels increased only 
after the ACh content had returned to control values. This rise in cho- 


line content was transient in both cases suggesting that the excess was 
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Fig. 2. Rate of Recovery of ACh Content from 4 min of Stimulation at 
60/sec During a Subsequent Rest Period 
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The effects of preganglionic stimulation at 60/sec for 4 min 
followed by 2 - 20 min of rest on the ACh and choline content of cat 
superior cervical ganglia. The data are expressed as a percentage of 
the values obtained in the unstimulated contralateral ganalia. Each 
point represents the mean + S.E. of 4 to 7 experiments. Asterisks in- 
dicate p < 0.05 in comparison with the controls. Solid line (0—0) 


represents ACh and broken line (0--0) represents the choline content. 
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either removed from the ganglion by some process or converted to other 
choline derivatives within this tissue. 

When HC-3, 1 mg/Kg, was administered intravenously 5 min prior 
to the onset of stimulation, the drug prevented the increase in both ACh 
and choline previously observed (Fig. 3) during the rest period. The 
results obtained with HC-3 are consistent with the proposal that the 
drug inhibits ACh synthesis by blocking the transport of choline to the 
sites of acetylation (MacIntosh et al., 1958). 

Experiments were also designed to ascertain whether frequencies 
lower than 60/sec followed by a rest period could cause alterations in 
ACh levels of ganglia. Under the conditions chosen, stimulation for 
4 min at 5/sec or 20/sec plus 10 min of rest failed to induce statis- 
tically significant increases in either ACh (Table III) or choline. 
However, the data do indicate a progression in ACh content as the stim- 
ulation frequency is increased from 5 to 20/sec and suggests that, part- 
icularly in the latter situation, ideal conditions for demonstrating 


major changes may not have been chosen. 


D. Effects of Hemicholinium no. 3 on Acetylcholine and Choline Levels 
in Ganglia Stimulated at Different Frequencies 


A search of the literature revealed that the time course effects 
of HC-3 and the influence of different frequencies of stimulation, had 
not been thoroughly examined in terms of tissue levels of ACh and choline. 
In particular we were interested in investigating a correlation, if any, 
between ACh and choline content and the ability of this drug to cause 


transmission failure in stimulated sympathetic ganglia. It was also 
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Fig. 3. Effects of Hemicholinium No.3 (1 mg/Kq) on the ACh and Choline 


Content of Cat Superior Cervical Sympathetic Ganglia Stimulated at 
60/Sec for 4 Min Followed by Rest 





I50 


I20 


fe) 
o>) 


PERCENT OF CONTROL 
D 
(o) 


WN 
© 





NO HC-3 HC-3 


The bar araphs illustrate the ability of HC-3 to prevent the 


recovery in ACh and choline content during 10 min of rest after stimul- 
ation at 60/sec for 4 min. The data are expressed as a percentage of 
the values obtained in the unstimulated contralateral ganalia and re- 
presents the mean + S.E. of four to seven experiments. Asterisks in- 
dicate p < 0.05 in comparison with the unstimulated controls, daggers 
indicate p < 0.05 in comparison with values obtained in stimulated 


qanalia not exposed to HC-3. 
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TABLE III 


The effects of preganglionic stimulation at different fre- 
quencies for 4 min followed by 10 min of rest on the ganglionic ACh 
content. The values given represent the mean + S.E. of 5 to 6 exper- 


iments and are expressed as ng/ganglion. 


Acetylcholine Content 


Stimulation 

Frequency Control Stimulation + Rest % Change 
5/sec 29] + 32 316 + 56 +8 .6 

20/sec 268 + 15 313-2634 +16.8 

60/sec 307 + 40 409 + 83 +31.2* 


> 


* p < 0.05 as compared to the unstimulated contralateral ganglion. 
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hoped that this research will provide further insight into the mechan- 
ism of action of HC-3 in cholinergic transmission. 

The effects of HC-3 (1 mq/Kq) on the content of ACh and cho- 
line of ganglia stimulated at different frequencies for 30 min are ill- 
ustrated in Fig. 4. Although the maximum depletion (50%) of ACh was 
observed in ganaqlia stimulated at 10 and 20 pulses per sec, the magni- 
tude of the reduction was largely independent of the rate of stimula- 
tion from 2 to 20 pulses per sec after the 30 min period of stimulation. 
These results are in sharp contrast to those seen on monitoring the nic- 
titating membrane response (Fig. 5). Here, the rate of onset and degree 
of transmission failure appeared to be directly related to the frequency 
of stimulation. Thus at stimulus rates of 1 to 5/sec little evidence 
of impaired ganglionic transmission was observed, and the contractile 
response declined more rapidly in ganglia stimulated at 20/sec than 
those stimulated at 10/sec. None of the decreases in choline content 
(Fia. 4) were statistically significant. 

In order to explore the relationship between ACh content and 
the deqree of transmission further, the time-course effects of HC-3 
(1 mg/Kg) in ganglia stimulated at 20/sec for 5 to 30 min were inves- 
tigated. The results are summarized in Fig. 6. It is particularly 
noteworthy that HC-3 did not cause any decrease in ACh levels during 
the first 5 min of stimulation. Thereafter, however, the ACh content 
rapidly declined to 50% of control values at 10 min and remained at 
this level for the remainder of the stimulation period. A comparison 
of these results with the corresponding nictitating membrane response 
(bottom tracing in Fig. 5) indicates some correlation between the onset 


of transmission failure at 20/sec and the time-course of the effects of 
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Fig. 4. Effects of HC-3 (1 ma/Ka) on the ACh and Choline Levels of 


Ganglia Stimulated for 30 Min at Different Frequencies 
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Fig. 4 illustrates the effects of preganglionic stimulation 
for 30 min at different frequencies on the ganalionic content of ACh 
and choline. Cats were pretreated with 1 mg/Ka HC-3, 5 min prior to 
the onset of stimulation. The data are expvressed as a. percentage of 
the values obtained in the contralateral resting ganglia, and each 
point given represents the mean + S.E. of 4 to 6 experiments. P < 0.05 


as compared to the values obtained in resting unstimulated aanglia. 
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Fig. 5. Effects of Preganglionic Stimulation at Different Frequencies 


and HC-3 (1 ma/Kq) on the Isometric Contractile Response of the Nic- 


titatina Membrane 
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The representative experiments illustrating the effects of 
preganglionic stimulation at different frequencies on the isometric 
contractile response of the nictitatina membrane are depicted. Cats 


were pretreated with 1 mq/Ka HC-3, 5 min prior to the onset of stim- 


ulation. 
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Fig. 6. Time-Course Effects of HC-3 (1 ma/Kg) in Ganglia Stimulated 


at 20/Sec on ACh and Choline Content 





100 ee u lil not significa ° 
80 

th 60 

— 40 

3 ® ca ACh 
20 O----O Choline 





5, 10 I5 20 25 30 
Time in minutes 


Time-course effects of preganalionic stimulation at 20/sec 
on mined, af ber 10 my of ACh and choline are depicted. Cats were pre- 
treated with HC-3 5 min prior to the onset of stimulation. The data 
are expressed as a percentage of the values obtained in the resting 
unstimulated ganglia and each point represents mean + S.E. of 4 to 6 


experiments. * pn < 0.05 as compared to the values obtained in resting 


unstimulated ganqlia. 
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HC-3 on ganglionic ACh stores. However, after ten min of stimulation 
there was a further gradual decline in the contractile response and 
after 30 min of stimulation, transmission was almost completely blocked 
despite the fact that these ganglia still retained about 50% of their 
original stores of ACh. These data suggest that the membrane response 
may be a poor index of inhibitory effect of HC-3 on ACh synthesis. 
Under these experimental conditions HC-3 did not significantly alter 
choline levels at any time period. 

To investigate further the time course effect of HC-3 at 2/sec 
was studied and compared with that at 20/sec (Fig. 7). As expected at 
2/sec the rate of ACh depletion was much slower than 20/sec and signif- 
icant changes in ACh content were only observed after 20 min of stimula- 
tion. However, despite the marked reduction (42%) of ACh stores, after 
20 min of stimulation, no failure of transmission was evident. These 
data further support the observation that the physiological response of 
the tissue to cholinergic nerve stimulation may be an unreliable index 
of the ability of HC-3 to inhibit ACh synthesis. 

The time-course effects of HC-3 on ACh content of ganglia 
stimulated at 20/sec reveal that there is a delay of about 5 min in the 
onset of action of this druq, and that the maximum depletion (50%) is 
attained after 10 min of stimulation (Fig. 7). Prolonging the stimul- 
ation period beyond 10 min does not cause any significant further de- 
crease in ACh stores. The delayed onset of the drug effect may be due 
to several factors: (1) it may take a few minutes before maximal in- 
hibitory effect of HC-3 can be produced on the choline transport system, 
and (2) there may be a limited store of choline in nerve terminals 


(Friesen et aZ., 1967) which can be utilized for ACh synthesis. It is 
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Fig. 7. Time-Course Effects of HC-3 (1 mg/Kg) in Ganglia Stimulated 


at 2 and 20/Sec on Acetylcholine. 
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Fig. 7 illustrates the influence of HC-3 on ACh 
in ganqlia stimulated at 2 and 20/sec. The values represent the mean + 
S.E. of 4 to 6 experiments. The data are expressed as percentage of 
the values obtained in the contralateral resting ganglia. P < 0.05 


as compared to the values obtained in resting unstimulated ganglia. 
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even more difficult to explain why the degree of ACh depletion did not 
exceed 50% in any of the experiments involving the use of HC-3. Some 
possible explanations may include: (1) the available choline may be 
more efficiently converted to ACh as the concentration of ACh falls in 
the vicinity of choline acetyltransferase, (2) HC-3 may raise the blood 
levels of choline by blocking the renal excretion (Suna and Johnstone, 
1965) and by inhibiting the uptake of choline into other tissues, there- 
by limiting its own action on choline transport in ganglia, and (3) HC-3 
may, at a later time, inhibit ACh release by a mechanism unrelated to its 
effects on ACh synthesis. In view of these results it was decided to 
investigate the time-course effects of a higher dose (2 mg/Ka) of HC-3 
on the ACh and choline levels of ganaqlia. Simultaneous studies were 
carried out on the effects of this high dose (2 ma/Ka) of HC-3 on the 
plasma choline levels. 

The time-course effects of a 2 ma/Kg dose of HC-3 on ganglionic 
ACh and choline content are presented in Table IV. For comparative pur- 
poses the data obtained at the 1 mg/Kg dose of HC-3 are also included. 
At a dose of 2 mg/Kg HC-3 the ACh content was reduced by about 50% 
durina the first 5 min of stimulation (Fia. 8), thereafter the rate of 
decline in the ACh stores was much slower such that after a total of 
30 min the content was reduced by 75%. It is noteworthy that at a dose 
of 2 ma/Ka HC-3 the most rapid decline (50%) in ACh stores occurred 
within the first 5 min of stimulation. This finding strongly suggests 
that the readily mobilizable pool of ACh represents 50% of the total 
stores, and that the remainder is slowly converted to a releasable form. 
However, the values obtained for the choline content under these condi- 


tions do not seem to be consistent with the hypothesis associated with 
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TABLE IV 


<) 


Effect of HC-3 on the ACh and Choline content of ganglia 


stimulated at a frequency of 20/sec. 


Duration of 
Stimulation 
in Minutes 


ce5 


10 
20 
30 


Values given are means 


Content as a % of the Resting Contralateral Ganqlion 


1 mg/Kaq 
HC-3 


105 
BB. 9% 


I+ 
Oo 


SOP ES labs 
AG eEo* 


ACh 


2 mq/Ka 


8] 
67 
50 
43 


23 


HC-3 


+ 3% 


+ 6% 


+ 2% 


a 


Choline 

1 mg/Kg 2 mg/Kg 
HC-3 HC-3 
2 105 + 4 
- 104 + 9 
10 ise is 106 + 9 
9722510 Ol. + 17 

99 + 15 - 
O07 Jonk. 4* 


+ S.E. of 5 to 8 experiments. 


* p < 0.05 as compared with values obtained in the corresponding un- 


stimulated contralateral qanalia. 
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HC-3 was administered 5 min prior to the onset of preganglionic stim- 


ulation. 
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Fig. 8. Time-Course Effects of HC-3 (2 mg/Kg) in Ganglia Stimulated 
at 20/Sec on ACh and Choline Content 
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Time-course effects of preganglionic stimulation at 20/sec 
on ACh and proline content are illustrated in Fig. 8. Cats were pre- 
treated with 2 mg/Ka HC-3, 5 min prior to the onset of stimulation. The 
data are expressed as a percentage of the values obtained in contra- 
lateral unstimulated ganglia. Each point represents mean + S.E. of 4 - 
6 experiments. * p < 0.05 as compared to values obtained in unstimul- 


ated control ganglia, (0—0) represents ACh, (0--0) represents choline. 






3 as OS al 0 é 
agiunim ni amit 


992\08 36 notsslumti2 otrotlonsparg. ta atos¥ts setwos-omiT 
“9M0 979" 2962 .8 .pti nt bessrd2ulit 916 tnezne>.snt loo bas AIA no 
bid par amo dh etaliaide ee. 


+ ea: oh ca an a 


~~. 
‘-~ 








' 


57 


the mechanism of action of HC-3. 

The depletion of ACh (53 nq) which occurred with 2 mq/Kq HC-3 
during the initial 1 min period of stimulation (Table IV), is somewhat 
greater than the quantity which could have been released at 20/sec in 
absence of HC-3 [based on the volley output (35 uwug) of ACh from plasma 
perfused ganglia as determined by Birks and MacIntosh, 1961]. A compar- 
ison of their results with present studies on blood perfused ganglia 
suagests the following hypotheses. Since the initial minute and volley 
Outputs of ganglia exposed to HC-3 are greater than that observed in 
plasma perfused ganglia, the data indicate that (1) At this dose level 
HC-3 immediately blocks ACh synthesis completely, and as discussed 
earlier may also inhibit the utilization of choline within presynaptic 
nerve terminals. (2) HC-3 may increase the initial volley output of 
ACh or alternatively, the initial volley output of blood perfused ganglia 
may be somewhat greater than that which can be achieved in plasma per- 
fused ganglia. 

To verify that the 2 mg/Kg dose of HC-3 does, in fact, block 
completely the ACh synthesis throughout the total 30 min period of stim- 
ulation, we investigated the time-course effects of a still hiqher dose 
(4 ma/Kq) of HC-3. While it was felt certain that synthesis of ACh was 
effectively inhibited durina the first 10 min, we were less sure about 
the blockade after 10 min of stimulation in presence of 2 mg/Kg HC-3. 

In other words does the rate of ACh depletion decrease beyond 10 min 
because the remaining ACh is slowly mobilized for release, or are Sig- 
nificant quantities of ACh now being synthesized? In addition, if HC-3 
does enhance transmitter release initially, a higher dose could be ex- 


pected to cause a further increase in the apparent Volley output during 
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the first min of stimulation. 

The time-course effect of 4 mg/Kg HC-3 on ACh content of stim- 
ulated (20/sec) ganglia are presented in Table V. For comparative pur- 
poses the data reported on 1 ing/Kg and 2 mg/Kq doses of this drug 
(Table IV) are also included. Hemicholinium no. 3 at the level of 4 mg/ 
Kg dose failed to produce a greater depletion of ACh stores than obtained 
with 2 mq/Kg dose of HC-3. Since at a 4 mg/Kg dose of HC-3 the depletion 
of ACh is even less than at 2 mg/Kg, the data indicates that the initial 
volley output of ACh is probably not affected by HC-3. The data also 
suggest that 2 mq/Kq of HC-3 may be an optimum dose and is capable of 
immediately blocking ACh synthesis completely provided that drug is 
given prior to the onset of stimulation. 

To determine if HC-3, in absence of stimulation, would cause 
alterations in ganglionic ACh or choline content, we decided to study 
the effects of 2 and 4 mg/Kg doses of HC-3 on ACh and choline content 
of resting (unstimulated) ganglia. The effect of 35 min exposure of 
resting ganglia to HC-3 are illustrated in Table VI. The data clearly 
indicate that HC-3 even up to the dose of 4 ma/Kg does not significantly 
affect either the ACh or choline stores of ganglia under these conditions. 

The effects of preganalionic stimulation (20/sec), in presence 
of HC-3, on choline content of ganglia are summarized in Table VII. Only 
in one case did HC-3 significantly lower the choline levels; this occurred 
with 2 mag/Kg HC-3 after 30 min of stimulation. The data clearly indicate 
that HC-3 is capable of depleting the ACh content of ganglia without re- 
ducing the choline levels. The data further suggest that HC-3 may not 
only block the uptake of choline from the extracellular fluid but may 


also prevent the utilization of choline within the nerve terminals. Al- 
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TABLE V 


Effect of HC-3 and preganglionic stimulation at a frequency 
of 20/sec on the ACh content. ACh content expressed as a % of the 


value obtained in the resting contralateral ganglion. 


Minutes of 1 mg/Kg 2 mg/Kg 4 mq/Ka 
Stimulation HC-3 HC-3 HC-3 
] - Sletes™ 85 274% 
rats - 6/7 ta3* - 
5 Wiley eas) 50 2 6* 58 + 2* 
10 5 ee As 2 7* a at he! 
20 50 + 5* - - 
30 A6 + 5* 23 ts AQ 243* 


Values given are means + S.E. of 5 to 10 experiments. 

HC-3 was administered intravenously 5 min prior to the onset of stim- 
ulation. 

* p < 0.05 as compared with values obtained in the corresponding un- 


stimulated contralateral ganglia. 
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TABLE VI 


The ACh and choline content of resting ganglia exposed to 
HC-3 for 35 min. Content expressed as a % of the values obtained in 


contralateral ganglia not exposed to HC-3. 


Dose of HC-3 ACh Choline 
2 mg/Kg o7 #2 95 + 6 
4 ma/Kg 103 + 4 is see 7 


Values given in the table are means + S.E. of 6 to 10 experiments. 
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TABLE VII 


Effect of HC-3 and preganglionic stimulation at a frequency 
of 20/sec on the choline content. Choline content as a % of the value 


obtained in the resting contralateral ganglion. 


Minutes of 1 mg/Kg 2 mg/Kg 4 mg/Kg 
Stimulation HC-3 HC-3 HC-3 
] ~ 105 + 4 O72 
2.5 - 104 + 9 - 
5 ED Per swe (x) 106 + 9 88 + 9 
10 92 + 10 912 17 S70 
20 09 4.15 - - 
30 TOUe oes, ge hes 87 + 8 


Values given’ are means + S.E. of 5 to 10 experiments. 

HC-3 was administered intravenously 5 min prior to the onset of stim- 
ulation. - 

* p < 0.05 as compared with the values obtained in the corresponding 


unstimulated contralateral ganglia. 
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ternatively choline stored in these nerve terminals (Friesen et al., 
1967) is largely unavailable for ACh synthesis. 

In order to investigate if HC-3 inhibits its own action by 
raising the blood levels of choline and thus maintains a continuous 
supply of choline for ACh synthesis, we studied the effects of different 
doses of HC-3 on plasma choline levels at different time periods. Since 
MacIntosh (1963) has reported that major pelvic and abdominal surgery or 
cortisone administration reduces ptasma choline levels, we also deter- 
mined the plasma choline concentration in absence of HC-3. However, it 
is evident from the results (Table VIII) that the surgical procedures in- 
volved in exposing these ganalia do not constitute a sufficient stress 
to significantly lower the concentration of choline. It can be seen 
that while 2 mq/Kg HC-3 did not alter the plasma level of choline, a 
dose of 4 mg/Kg caused a significant increase of about 50%. However, 
based on the results of other workers (Birks and MacIntosh, 1961) even 
this increase of 50% is too small to significantly antagonize the action 
of HC-3. Thus the results demonstrate that HC-3 can seriously impare 
ACh synthesis in cholinergic nervous system without appreciably alter- 


ing the concentration of choline in plasma. 


E. Effects of Preganglionic Stimulation and HC-3 on the Ultrastructure 
of Ganglia and the Relationship of these Effects to the Acetylcho- 


line Content 


The major objective of research of this section was to es- 
tablish what relationships, if any, exist between the ACh content of 


the superior cervical ganglion of the cat and the number of agranular 
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TABLE VIII 


Effect of HC-3 on the concentration of choline in cat plasma. 


Plasma choline levels as a % of pre-surgery levels. 


Time in Minutes No 2 mg/Kg 4 mg/Kg 
After Surgery HC-3 HC-3 HC-3 
of 90 + 5 90 + 5 12414 
5 ~ O35 ay 151/423 
10 - - ogee 27 
15 88 + 8 99 + 7 = 
30 85 2°68 100 + 3 ejehne ithe 


Values given are means + S.E. of 5 to 9 experiments. 

The plasma choline concentration prior to surgery was 6.5 nMoles/ml 
(N = 23). 

* p < 0.05 as compared with the values obtained prior to surgery. 

y HC-3 was administered immediately after this blood sample was drawn 
at the completion of the surgical procedure involved in exposing 


the superior cervical ganglia. 
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vesicles. In this regard ganglionic content of ACh was altered by 
different experimental procedures and the corresponding ultrastructural 
changes in the nerve terminals with respect to both agranular and dark- 
core vesicles were investigated. The conditions applied to alter the 
ACh content of ganglia were the same as described in the first two parts 
of the result section, e.g., stimulation at different frequencies or 


treatment with HC-3. 


1. Electron micrographs of preganglionic nerve terminals of rest- 


ing (unstimulated) control ganglia 


Electronmicrographs of control unstimulated nerve endinas are 
presented in Fig. 9 and Fig. 10. These pictures reveal presynaptic 
nerve terminals with their normal content of synaptic vesicles and 
Fig. 10 also illustrates the typical structure of mitochondria which 
are frequently found in these nerve endings (L.G. Elfvin, 1963). The 
dark region separating the pre- and post-synaptic membranes, as shown 
by the arrow, is recognized as the synaptic cleft. 

The population of synaptic vesicles, either agranular or dark- 
core, in preganglionic nerve terminals is expressed as the number of 
vesicles per up”. To obtain these figures, the total number of respec- 
tive vesicles in the nerve ending were counted and the total area of 


the nerve ending as depicted on the electronmicrographs was determined 


2 


in u2. The number of vesicles per wy? was then calculated. 
The frequency distribution of the number of agranular vesicles 
per u* in different nerve endings is illustrated in Fig. 11. All nerve 


endings from resting control ganglia and all other data from experiments 


in which the number of agranular vesicles did not differ from the con- 
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Fiq. 9. The electronmicroagraph represents a preqanalionic nerve ending 


of a restina contro! qanalion. 


a 4D 





NE represents presynaptic unstimulated control nerve ending. 
Arrow indicates the synaptic region. 

M indicates the presynaptic mitochondria. 

AV indicates the aqranular vesicles. 


DV indicates the dark-core vesicles. 
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Fiq. 19. The electronmicroaraph represents a nreaqanalionic nerve endina 





of a resting control aanalion. 





NE represents presynaptic unstimulated control nerve endina. 
Arrow indicates the synaptic reaion. 

M indicates the presynaptic mitochondria. 

AV indicates the anranular vesicles. ; 


DV indicates the dark-core vesicles. 
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Fig. 11. Frequency distribution of the number of agranular vesicles per 
u* in different nerve endings. 
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The variation in number of agranular vesicles in different 


nerve endings is depicted. A total of 240 nerve endings taken from 
resting unstimulated ganglia and from all other ganglia in which the 
number of agranular vesicles did not differ statistically from controls 
were included in this survey. At least 5 nerve endinas were taken from 


each ganglia and a total of 40 ganglia were used in this analysis. 
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trol were included in this survey. While the greatest percentage of 
nerve endings contain 100 to 150 agranular vesicles per u*, about 5% had 
less than 50 and about 15% had more than 200 per u*. These data empha- 
size the variability in the population of agranular vesicles in differ- 
ent nerve endings and the need for sampling large numbers of these to 


establish a statistically significant chanae. 


2. Effects of preganglionic stimulation at 60/sec on the number 
of agranular vesicles in relation to the ACh content of ganglia 


a. Stimulation at 60/sec and depletion of agranular vesicles. 


We have demonstrated that preganglionic stimulation for 4 min 
at 60/sec causes a 30% reduction in ACh content (Fig. 1). When the same 
conditions were applied to investigate the ultrastructure of the nerve 
endings, marked depletion of synaptic agranular vesicles were observed 
and many of the remaining vesicles had lost their characteristic confor- 
mation. These ultrastructural changes are illustrated in Fig. 12 and 
Fig. 13. In addition, these stimulation parameters frequently caused 
the swelling and disruption of mitochondria in presynaptic nerve endings 
(compare Fig. 10 and 13). However, there was no evidence of alterations 
in mitochondria in postsynaptic structures. 

The number of agranular vesicles per y* found under different 
conditions of stimulation, at 60/sec in total and different regions of 
nerve endings, are presented in Table IX. When ganglia were stimulated 
at 60/sec for 4 min to induce a 30% depletion in ACh, a corresponding 
reduction of about 47% in number of agranular vesicles (Fig. 14) was 


also observed during this period of stimulation. The results obtained 
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Fia. #2. The electronmicroaraph shows the ultrastructural change in 
agranular vesicles in preaanalionic nerve terminal, when stimulated 





for 4 min at 60/sec. 
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NE indicates a preganglionic nerve ending stimulated for 4 min at 60/sec. 


Arrow indicates the synaptic reaion. 


AV indicates the aaranular vesicles. 
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Fig. 13. The effects of 4 min of preganalionic stimulation at 60/sec 





on the ultrastructure of presynaptic mitochondria are depicted. 








NE indicates a preganglionic nerve endina stimulated for 4 min at 60/sec. 
Arrow indicates the synaptic region. 


M indicates the presynaptic mitochondria. 
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TABLE IX 


Effects of preganglionic stimulation at 60/sec on the agran- 


ular vesicles of total, synaptic and non-synaptic regions of nerve 


endings. 

Number of Agranular Vesicles per u? 
Experimental Condition Total Synaptic Non-synaptic 
a. Resting Controls 147 #1625 190 + 11.5 134°2 7.4 
b. Stimulation for 4 min 75 +14 .6% 15SES [Aes efomer cell he 


c. Stimulation for 4 min 


+ 2 min rest 94 + 6.2* 2051+ ii5 75 + 6.2* 
d. Stimulation for 4 min + a 
+ 20 min rest. 125,-241233 212+ tesa 112.2 1456 


1 Within the zone of 2000 A from the synaptic cleft. 

The values are mean + S.E. of 40 nerve endings taken from 5 to 7 ganglia. 
* p < 0.05 as compared to the values obtained in resting control ganglia. 
5 p < 0.05 as compared to the values obtained from ganalia stimulated for 


4 min at 60/sec. 
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Fig. 14. Effects of preganglionic stimulation at 60/sec on the number 


of agranular vesicles and ganglionic acetylcholine content. 
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A correlation between the number of agranular vesicles and 
the ganglionic ACh content in stimulated (60/sec) ganglia is depicted. 
The values are mean + S.E. of 40 nerve endinas representing 5 to 7 
ganqlia in each case. NS represents the number of agranular vesicles in 
non-synaptic area. S indicates the number of agranular vesicles in syn- 
aptic zone. * p<0.05 as compared to the values obtained in unstimul- 
ated resting ganglia. t p<0.05 as compared to the values obtained in 


ganglia stimulated 4 min at 60/sec. 
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are consistent with the concept that agranular vesicles are the storage 
sites of ACh. 

Since agranular vesicles are generally found more concentrated 
(Table IX) near the presynaptic membrane, we decided to investigate 
whether the distribution of the vesicles near the synaptic membrane or 
the vesicles farther away from the synaptic membrane were affected by 
the above stimulation parameters. Results illustrated in Fig. 15 re- 
present the ganglionic content of ACh and the distribution of agranular 
vesicles in the synaptic zone of 2000 A (as defined in methodology sec- 
tion) and in the non-synaptic area under different conditions of stimul- 
ation at 60/sec. It can be seen that significant depletion in agranular 
vesicles occurred mainly in the non-synaptic area. Since there appears 
to be less depletion (19%) in the synaptic area, this may indicate that 
the vesicles from the non-synaptic. zone replace those depleted from the 


synaptic region during stimulation. 


b. Recovery in number of agranular vesicles in relation to 
the recovery of ganglionic ACh content during the rest period after 
initial preganglionic stimulation at 60/sec. 


We have already demonstrated (Fig. 2) that ganglia recover 
their lost ACh content within 2 min of rest period after 4 min of ini- 
tial prenancitonic stimulation at 60/sec. It was, therefore, felt im- 
portant to ascertain if a corresponding recovery in agranular vesicles 
also occurs during this resting period. 

When allowed to rest after 4 min of initial stimulation at 


60/sec, although recovery in ACh content occurred within 2 min of rest, 


no statistically significant recovery in number of agranular vesicles was 


ey 
T , - 


ty aha 
spe vote sii? sis 2ofoizev valyasips tedst tqsonos say ddtw Shedeten 2no> pay 7 - 

“ADK Yo atte 7 
bsisxinaones syom bnyot yi [svensp sve 2eslotzay weiinetps gont2 

sssptizeval of bsbtosb sw ,snsvdmem ottqsnvzeqq afd Yean (XI ofde}l) 

Yo snexinem atfasnyz oft «sen 2sfoteay afd to notdudtyd2lb odd veddodw . 
yd betostts s19w snsidmam ot tqsnve sdt movt yews yediae? 2efotesy ond 
~s7 él .pt? nf beteveullt etfues# .2sdemeveq nottelumise svods end 
wiunsio5 to nordyudtatetb oft bas ADA to snednos sinotipnsp edt Ine2erq 
“982 ypofoboritem nf bsnttsb 2s) h 0008 40 snos aijqsnye odd nt 2efotesy 
-lumts2 to enofstbnos jnsvetttb isha s9%8 otdasmye-non edd nt bas (nots 
ielunssps nt notyefasb tnsatttaple Send ngez od meso 91 .o92\08 #6 notes 
eTtsSQqsb sient sonfe .6e75 atiqsave-non ond nt ¥intsm berwoso 26fotesyv 
J6N stsofbnt yom 2hdt ,sev8 ShIqsaye ond at (FCT) norisiqeb 2eef ed of 
Sit meyt betslqeb seat soslqey anox oftasnve-non sid mor? 2ofoteey end 


-totts(umite pattwh sotpey stiqsnye 


isis nt 29fotesy wsiursips to yednwn nt y19v029 Gd 


- —_—— 


iin dota den teieaens eee ainotlpnsp to yysvoosy edt 
-e2\09 $8 norteluntt2 atnot[pnspeiq Istitat 


oc fn 


| 
‘S o 





eg 
vayooes silpnsp tart (S p14) betevtznemeh ybaavis svad oW 


-tnt to ntm 4 te3%5 bot+9q t29n to atm S atittw Jnesne2 AIA teol viens 


“mt siat .swteveds .26w tI .292\08 36 nottefumite di not Ipnsperq lett 
i iiatian te eapeaiemaatee il atstveoze 09 snssv09 i 


> Gs} 


re ‘4 at 


- Pas 7 





. . “4 ba! cating hoy , 
aa © “\e 2 7 7 
ae Pre a et Sa eer ee al oe 


isla | 


74 


observed (Fig. 14). However, when allowed to rest for 20 min to induce 
a 30% rebound increase (Fig. 2) in ACh content, although a sianificant 

recovery in number of vesicles occurred (Fig. 14) their density did not 
rise above the control values. This latter situation represents a case 
where changes in ACh content are not reflected in corresponding changes 
in the number of agranular vesicles. 

The effects of the rest periods on the distribution of agran- 
ular vesicles, in the synaptic and non-synaptic area are illustrated in 
Fiq. 15. It can be seen that after 2 min of rest although there was 
some apparent recovery in the number of vesicles in the synaptic area, 
the increase in the number of vesicles was not statistically different 
from the number of vesicles observed after 4 min of stimulation at 60/ 
sec. After 20 min of rest, significant recovery in the number of ves- 
icles occurred in the non-synaptic area, but their density did not 


exceed control values. 


3. Effects of hemicholinium no. 3 (2 mg/Kq) and preganglionic 


stimulation at a frequency of 20/sec on the number of agranular vesicles 


In this series of experiments HC-3 (2 mg/Kg) was used to in- 
duce alterations in ganglionic ACh content and the corresponding ultra- 
structural changes in the nerve terminals were investigated. 

As presented in Fig. 8, ganglia lose about 50% of their ACh 
store within 5 min of stimulation in presence of HC-3. The results con- 
cerning the changes in number of agranular vesicles under the same condi- 
tions of stimulation are illustrated in Fig. 16. When ganglia were sti- 


ulated for 5 min in absence of HC-3, there was no significant change in 
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Fiq. 15. Influence of preganglionic stimulation for 4 min at 60/sec 
on the density of agranular vesicles in different reaions of nerve 
endings. 
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4min$ 60/sec 4min$ 60/sec 4min$ 60/sec 
+ 2min rest + 20min rest 


The bar graphs illustrate the effects of stimulation at 60/ 
sec on the population of vesicles in synaptic zone (S) and non-synap- 
tic area (NS) of nerve endinas. The values are mean + S.E. of 40 nerve 
endinas representing 5 to 7 ganglia in each case. 

* pn < 0.05 as compared to the values obtained in unstimulated resting 
aqanalia. 
t+ p < 0.05 as compared to those obtained in ganglia stimulated for 


4 min at 60/sec. 
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Fig. 16. Effects of HC-3 (2 ma/Ka) and preaanalionic stimulation at 


20/sec, on the population of agranular vesicles in the nerve endinas, 





and on qanalionic ACh content. 
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The bar graphs illustrate the inability of stimulation at 
20/sec for 5 min to deplete the vesicles in ganalia either untreated 
or pretreated with HC-3. The values are mean + S.E. of 40 nerve end- 
inas reoresenting 5 to 7 aganalia in each case. 

* p < 0.05 as compared to the values obtained in unstimulated resting 


aqanqlia. 
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either ACh content or the number of aaranular vesicles. On pre-treat- 
ment with HC-3 (2 ma/Kq), although ganqlia lost about 50% of ACh within 
5 min of stimulation (Fig. 16), no corresponding decrease in the number 
of agranular vesicles was found. The distribution of vesicles in the 
Synaptic zone and non-synaptic area (Fig. 17) were also unaffected by 
these conditions of stimulation. This represents another example in 
which there was no correspondence between ACh content and the number of 
aaranular vesicles in the nerve terminals. 

Similarly no direct correlation between ACh content and the 
number of vesicles was observed when ganglia were stimulated for 30 min 
in absence of HC-3. In this case preaanglionic stimulation at 20/sec 
for 30 min (in the absence of HC-3) caused a small increase (16%) in the 
ACh content of ganglia but produced a sianificant reduction (24%) in num- 
ber of aaranular vesicles (Fia. 18). When ganalia were pretreated with 
HC-3 and stimulated for the same period a corresponding depletion in both 
ACh and aqranular vesicles occurred (Fiq. 19a & b). A 30 min period of 
stimulation at 20/sec in the presence of HC-3 caused about 75% reduction 
in the ACh content (Fiq. 18) and a 50% decline in population of agranu- 
lar vesicles. This latter situation is consistent with the concept of 
vesicles being the storage sites of ACh. Exnosure of resting (unstimu- 
lated) ganglia to HC-3 for 35 min did not produce any siqnificant alter- 
ation in Sipfen ACh content of ganglia or in the number of agranular 
vesicles. The data concerning effects of HC-3 on the number of agranular 
vesicles are summarized in Table X. 

Effects of HC-3 on the ganglionic ACh content and the distrib- 
ution of agranular vesicles in synaptic and non-synaptic areas are pre- 


sented in Fig. 20. It can be seen that after 30 min of stimulation, 
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Fia. 17. Influence of HC-3 (2 ma/Kq) and preaanalionic stimulation at 


20/sec on synaptic and non-synaptic vesicles. 
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The effects of 5 min stimulation at 20/sec on ganglionic ACh 
content and the distribution of agranular vesicles in nerve endings, 
untreated and pretreated with HC-3, are depicted. The values are mean 
+ S.E. of 40 nerve endinas representing 5 to 7 ganaqlia in each case. 
NS represents the number of agranular vesicles in non-synaptic area. 

S represents the number of aagranular vesicles in synaptic zone. 


* p < 0.05 as compared to the values obtained in unstimulated resting 


aganglia. 
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Fiq. 18. Effects of HC-3 (2 mg/Kaq) and 30 min stimulation at 20/sec 


on the density of aaranular vesicles in preaanalionic nerve endinas. 
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The bar araphs illustrate the depletion of agranular vesicles 
and aanalionic ACh content in ganalia stimulated at 20/sec, in absence 
or presence of HC-3. In both cases the ganglia were stimulated for a 
total of 30 min. The values are mean + S.E. of 40 nerve endings re- 
presenting 5 to 7 aanaqlia in each case. * p < 0.05 as compared to the 
values obtained in unstimulated resting ganglia. + p < 0.05 as compared 


to those obtained in ganglia restina for 35 min, pretreated with HC-3. 
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Fig. 19a. The electronmicroaraph represents ultrastructural changes 
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in agranular vesicles in preganalionic nerve terminal 


HC-3 and stimulated at 20/sec for 30 min. 
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NE represents a preganglionic nerve ending. 
Arrow indieates the synaptic region. 


AV represents the agranular vesicles. 
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Fig. 194. The electronmicroaraph represents the effects of HC-3 and 
reganglionic stimulation at 20/sec for 30 min, on the ultrastructure 
of presynaptic mitochondria. 














NE represents a preganalionic nerve ending. 
Arrow indicates the synaptic region. 


M represents the presynaptic mitochondria. 
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Effect of Hemicholinium (2 mg/Kg) and Preqanalionic Stimula- 


tion at 20/sec on the Agranular Vesicles of Total, Synaptic and Non- 


Synaptic Regions of Nerve Ending. 


a. Resting controls 
b. 5 min stimulation 
c. HC-3 and 5 min rest 


d. 5 min stimulation 
and HC-3 


e. 30 min stimulation 
f. HC-3 and 35 min rest 


a. 30 min stimulation 


Number of Aaranular Vesicles per yu? 


Experimental Condition Total Synaptic Non-synaptic 
T1412 6e5 190°29515125 Vora en 
141 + 10.6 208 21 jez ioe 2 0e4 
136 + 8.9 153° Lie 137 + 11.7 
133 °2.-SE2 Pio aie 123 + 9.2 
107 + 7.8* 190 + 13.0 99 + 7.6* 
150 + 9.8 242 2 | 132 e295 
Bb 5ioe" apeeiacs Saas Baba 


and HC-3 


1 Within a zone of 2000 A from the synaptic cleft. 


The values are mean + S.E. of 40 nerve endings taken from 5 to 7 ganglia. 


* p < 0.05 as compared to the values obtained in untreated resting con- 


trol ganglia. 


+ p < 0.05 as compared to the values obtained in resting ganglia exposed 


to HC-3 for 35 min. 
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Fig. 20. Influence of hemicholinium no. 3 and 30 min preqganalionic 
stimulation at 20/sec on the distribution of agranular vesicles in pre- 
ganglionic nerve endings. 


% of resting control 





35 min rest 30 min$ 20/sec 30 min$ 20/sec 


HC-3 2mg/kg HC-3 2mg/kg 


The values are mean + S.E. of 40 nerve endings representing 
5 to 7 ganglia in each case. 
NS represents aaranular vesicles in non-synaptic zone. 
S represents aqranular vesicles in synaptic zone. 
* py < 0.05 as compared to the values obtained in resting unstimulated 
ganglia. 
+ p < 0.05 as compared to the values obtained in resting aganglia exposed 


to HC-3 for 35 min. 
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in absence of HC-3, significant depletion in number of vesicles occurred 
only in the non-synaptic area. When ganglia were pre-treated with HC-3 
this stimulation period caused less depletion of vesicles in synaptic 
zone than those in non-synaptic area. These data again indicate that 
the vesicles from the non-synaptic zone may physically move to replace 
those lost from the synaptic region during stimulation. 

To investigate if the alterations in number of agranular ves- 
icles was a true representation and not an artifact due to change in 
the area of nerve endings, we measured the total and regional nerve end- 
ing areas under the above experimental conditions. The results are pre- 
sented in Table XI. It can be seen that no significant change in the 
areas was found either in total or any of the regions measured. The 
data indicate that the alterations in the number of agranular vesicles, 
caused by the applied experimental condition, were absolute changes and 


not an artifact due to the chanae in areas of the nerve endings. 


F. Ultrastructural Chanaes in Dark-Core Vesicles in Relation to the Al- 


terations in Ganglionic Content of Acetylcholine 


1. Dark-core vesicles in the nerve terminals of resting (unstimul- 


ated )ganglia 


A few granular vesicles, 700 - 800 A in diameter, are often 
seen in the preganglionic nerve terminals. These granular vesicles con- 
stitute about 4% of the total vesicle population and are referred to as 
dense or dark-core vesicles. Nerve endinas of a resting control ganglion 
are presented in Fig. 9 & 10. It can be seen that dark-core vesicles are 


mainly localized in the non-synaptic area farther away from the synaptic 
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TABLE XI 


Effects of preganglionic stimulation and hemicholinium no. 3 


on the area of nerve endings. 


Total Nerve Synaptic Non-Synaptic 
Ending Area Regional Area Regional Area 

Experimental Condition ig u? u? 
a. Resting controls W349i a Dele 0.13 + 0.009 eet {syaagn Ora 
b. Stimulation for 4 min 

(60/sec) lesjet 0+ 18 On)4 0.010 1e23) 20812 
c. Stimulation for 4 min 

(60/sec) + 2 min rest 14302 0213 0212 £ 0.009 Pes leaeu vie 
d. Stimulation for 4 min 

(60/sec) + 20 min rest 1239 420412 042.00. 008 lt ZY ret wel? 
e. 5 min stimulation 

(20/sec) iesoeee Oe! OF12. = 02008 hess (eit 
f. 5 min stimulation 

(20/sec) and HC-3 12 465) 4 0.13)23 0,010 leSseeeDed 4 
g. 30 min stimulation 

(20/sec) fool tO. lz Dele. 00s 4925012 
h. HC-3 and rest for 

35 min Th eee eO ol 0 ele 244.0; 010 lpcthabits Ogldl 
7. 30 min stimulation 

(20/sec) and HC-3 Loja ee 0815 0.12 + 0.009 1.65 + 0.15 


The values represent mean + S.E. of 40 nerve endings in each case. 


p < 0.05 was used as a level of significance for statistical analysis. 
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cleft. Although the content of dark-core vesicles is still debatable, 

it was of interest to evaluate what influence the parameters, which alter 
ganalionic ACh content, had on the density of these vesicles. As in 

case of agranular vesicles, the population of dark-core vesicles in pre- 
ganglionic nerve terminals is expressed as the number of vesicles per 

u?. The number of these dark-core vesicles in the Synaptic zone of 


2000 A and non-synaptic area were counted and based on these areas the 


number of vesicles per w* was calculated. 


2. Frequency distribution of the number of dark-core vesicles per 
u* in different nerve endings 


The frequency distribution of these vesicles per yu’ in differ- 
ent nerve endinas is presented in Fig. 21. As in the case of agranular 
vesicles, all nerve endings from resting control ganglia and all other 
data from experiments in which the number of dark-core vesicles did not 
differ from the control were included in this survey. It can be seen 
(Fig. 21) that there was a considerable variation in their numbers in 
different nerve terminals. Most nerve endinas contain 3 to 6 dark-core 
vesicles per u*, but about 8% contain less than 1 and about 5% contain 
more than 12 dark-core vesicles per u’. 

The relationship between the density of dark-core vesicles and 
the number of agranular is illustrated in Table XII. The number of dark- 
core vesicles in different nerve endings appeared to be unrelated to the 
number of aaranular vesicles per u*. Even in nerve endings which con- 
tain more than 12 dark-core vesicles per u*, the number of agranular 
vesicles are not statistically different from those which have a lesser 


number of dark-core vesicles. The data also indicate that the nerve 
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Fig. 21. Frequency distribution of dark-core vesicles per »? in diff- 


erent nerve endinas. 


‘ of nerve endings 
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Number of dark core vesicles per am? 


The variation in number of dark-core vesicles in different 
nerve endings is depicted. A total of 240 nerve endinas taken from 
resting unstimulated ganglia and from all other ganglia in which ‘the 
number of dark-core vesicles did not differ statistically from controls, 
were included in this survey. At least 5 nerve endings were taken from 


each ganglia and a total of 40 qanalia were used in this analysis. 
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TABLE XII 


Relationship between the number of dark-core and agranular 


vesicles in the same nerve endinas.? 


2 


Number of vesicles per u~ in nerve endings 


Number of nerve endings Dark-core Agranular’* 
17 <] 140 + 17 
66 3 138 + 9 
82 4-6 140 + 6 
45 7-9 139729 
16 10 - 12 1342.15 
12 >12 122i gt2 19 


1 The values are means + S.E. 

2 Nerve endings included in this survey were from resting control ganglia 
and data obtained from all other experimental conditions in. which the 
number of vesicles were not statistically different from controls. A 
total of 240 nerve endings, taken from 40 ganglia, were used in this 


analysis. At least 5 nerve endings were taken from each ganglia. 
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endings used for analysis are probably all of the same type, ji.e., pre- 


ganqlionic cholineraic nerve endinas. 


3. Effects of preganglionic stimulation at 60/sec on the density 
of dark-core vesicles in the preaanaglionic nerve terminals 


The number and the distribution of dark-core vesicles in 40 
control and stimulated (60/sec) nerve endinas is presented in Table XIII. 
It can be seen that most of the dark-core vesicles in resting nerve end- 
ings are localized in non-synaptic area. Also there was a large varia- 
tion in their number in different nerve endings. This is reflected in 
the standard errors which are very high and vary from 10% in the non- 
synaptic to 30% in the synaptic zone. Because of these high standard 
errors, particularly in the data from the synaptic zone, observed changes 
of 40% to 50% were not statistically significant. On stimulation at 
60/sec a significant reduction (37%) in dark-core vesicles corresponding 
to 30% depletion of ACh content was seen. This marked change in dark- 
core vesicles occurred mainly in the non-synaptic zone, the data indic- 
ates that dark-core vesicles may be mobilized from the non-synaptic to 
the synaptic zone during stimulation. 

During 2 min of rest after initial 4 min of stimulation (60/ 
sec), the number of dark-core vesicles were still comparable to those 
observed after 4 min stimulation at 60/sec (Fig. 22). When the resting 
period was extended to 20 min a marked recovery in the density of dark- 
core vesicles was seen, although their number did not rise above the 
control values (Fig. 22). These situations are similar to those observed 
in the case of agranular vesicles and suggest that dark-core vesicles are 


reused or synthesized during synaptic transmission. The data represent- 
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TABLE XITI 


Number and distribution of dark-core vesicles in preaqanglionic 


nerve endings during resting conditions and after stimulation at 60/sec. 


Number of Dark-Core Vesicles per yu? 


Experimental Condition Total Synaptic? Non-synaptic 
a. Resting controls 5.5 + O64 2e05es OL/7 5.90 + 0.6 
b. 4 min stimulation oy ae) oye bs 1295+ Oe72 3.75 + 0759* 


c. 4 min stimulation 


+ 2 min rest Seer.) 53% 2.20)+.0.83 3.50 + 0.56* 
d. 4 min stimulation 
+ 20 min rest 4.65 + 0.61 3.03 + 0.83 4.80 + 0.63 


1 Within a zone of 2000 A from the synaptic cleft. 
The values represent mean + S.E. of 40 nerve endings taken from 5 to 7 
ganglia in each case. 


* p < 0.05 as compared to the values obtained in resting control ganglia. 
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Fig. 22. Influence of preganglionic stimulation at 60/sec on the 
number of dark-core vesicles in different regions of nerve endings. 
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The values are mean + S.E. of 40 nerve endings representing 
5 to 7 ganglia in each case. 
S represents the number of dark-core vesicles in synaptic zone. 
NS represents the number of dark-core vesicles in non-synaptic area. 
* p < 0.05 as compared to the values obtained in unstimulated resting 
ganglia. 
+ p < 0.05 as compared to the values obtained in ganglia stimulated for 


4 min at 60/sec. 
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ing dark-core vesicles in relation to agranular vesicles are presented 
in Table XIV. It can be seen that the experimental conditions which 
alter the number of agranular vesicles also have similar effects on 


dark-core vesicles. 


4. Influence of preganalionic stimulation at 20/sec, in absence or 
presence of HC-3 (2 mg/Ka), on the population of dark-core vesicles 


The ultrastructural changes in dark-core vesicles were also 
evaluated in the nerve terminals stimulated at 20/sec both in absence 
or presence of HC-3 (Table XV). When ganglia were stimulated for 5 min 
at 20/sec, untreated or pretreated with HC-3, no significant change in 
dark-core vesicles (Fig. 23) was seen in any of the areas measured. It 
is noteworthy that after 5 min stimulation, ganglia pretreated with HC-3 
had lost about 50% of the ACh content. 

Stimulation for 30 min, in the absence of presence of HC-3,pro- 
duced a significant depletion in dark-core vesicles (Fia. 24). In the 
latter situation, this corresponded to a depletion in ACh content. It 
is noteworthy that statistically significant depletion occurred only in 
non-synaptic region. Although there was also a 59% depletion in the syn- 
aptic dark-core vesicles (Fig. 24), these changes were not statistically 
sianificant, The data suagest that similar to agranular vesicles the 
dark-core vesicles physically move from non-synaptic region to replace 
those lost during preganglionic stimulation. 

The data comparing chanaes in dark-core and aqranular vesicles, 
when subjected to stimulation and HC-3, are presented in Table XVI. The 
results demonstrate that both stimulation and HC-3 produce similar effects 


on the density of aqranular and dark-core vesicles in the preganglionic 


nerve terminals. 
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Effect of preganglionic stimulation at 60/sec on the density 


of agranular and dark-core vesicles in the preganalionic nerve endings 


of superior cervical sympathetic ganalia of the cat. 


Experimental Conditions 


a. Resting controls 


b. Stimulation for 4 min 


c. Stimulation for 4 min 


+ 2 min rest 


d. Stimulation for 4 min 


+ 20 min rest 


The values are mean + S.E. of 


ganglia in each case. 


Number of Vesicles per u 


2 


of Nerve Ending 


Agranular 


14] 26-5 


75 + 4.6* 


94 + 6.2* 


(25ee 12.40 


I+ 


Dark-Core 


Doo a, oe 


3.080.307 


Ce Rcd Oe had 


4.65+ 0.61 


40 nerve endinas representing 5 to 7 


* p < 0.05 as compared to the values obtained in resting control ganglia. 


+ p < 0.05 as compared to the values obtained in ganalia stimulated for 


4 min at 60/sec. 
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The effects of preganglionic stimulation at 20/sec and hemi- 


cholinium no. 3 (2 mg/Kq) on the number and distribution of dark-core 


vesicles in preganglionic nerve endings of sympathetic ganglia. 


Number of Dark-Core Vesicles per u 


2 


Experimental Conditions Total Synaptic’ Non-synaptic 
a. Resting controls Dae 1 0.54 2s60. + 0.77 .90 + 0.6 
b. 5 min stimulation 6t45t10.77 Je2., 29,1 .00 7 ee Ol 
c. HC-3 and 5 min rest Ar55e+' 0.42 3atfoue 0.68 .70 + 0.44 
d. 5 min stimulation 

+ HC-3 6.76 + 0.78 4.18 + 0.96 .00 + 0.80 
e. 30 min stimulation See POL 39% 2.18 + 0.86 .20 + 0.42* 
f. HC-3 and rest for 

35 min 4.50 + 0.49 3.90 + 1.00 58 £ 0,53 
g. 30 min stimulation 

+ HC-3 2.16 +10.40* 1.08 + 0.49 .15 + 0.39% 
1 Within a zone of 2000 A from the synaptic cleft. 


The values represent mean + S.E. 


7 ganglia in each case. 


of 40 nerve 


endings taken from 


5 to 


* p < 0.05 as compared to the values obtained in resting control ganglia. 
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95 
Fig. 23. Effect of HC-3 (2 mg/Kg) and stimulation at 20/sec on the 
density of dark-core vesicles in different regions of nerve endings. 
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The values are mean + S.E. of 40 nerve endinas representing 
5 to 7 ganalia in each case. 
S represents the number of dark-core vesicles in synaptic zone. 
NS represents the number of dark-core vesicles in non-synaptic zone. 
* p < 0.05 as compared to the values obtained in unstimulated resting 
qanglia. 
+ p < 0.05 as compared to the values obtained in ganglia stimulated for 
5 min at 20/sec in absence of HC-3. 
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Fia. 24. Influence of preaanglionic stimulation at 20/sec and hemichol- 
inium no. 3 (2 ma/Kq) on the distribution of dark-core vesicles in diff- 
erent regions of nerve endings. 
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The values are mean + S.E. of 40 nerve endings representing 5 
to 7 ganglia in each case. 
S represents dark-core vesicles in synaptic zone. 
NS represents dark-core vesicles in non-synaptic zone. 
* p < 0.05 as compared to the values obtained in unstimulated resting 
control ganglia. 
+ p < 0.05 as compared to the values obtained in ganglia resting for 
35 min pretreated with HC-3. 
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TABLE XVI 


Effects of preganglionic stimulation at 20/sec and hemichol- 
inium no. 3 on the density of agranular and dark-core vesicles in the 


preganglionic nerve endings of superior cervical sympathetic ganglia of 


the cat. 
Number of Vesicles per p? 
of Nerve Ending Area 
Experimental Conditions Aaranular Dark-Core 


Se eee 


a. Resting controls P4aT 2% 165 5.50 + 0.54 
b. 5 min stimulation 1413210.6 6.45 a 
c. HC-3 and 5 min rest 136276, 9 4.55 + 0.42 
d. 5 min stimulation and HC-3 13302 7952 6.76 + 0.78 
e. 30 min stimulation (yee neo Se ke Ped Pes Ske 
f. HC-3 and rest for 35 min 15G0et 20978 4.50 + 0.49 
g. 30 min stimulation and HC-3 65+ 5.9*' 2.16 + 0.40* 


The values are mean + S.E. of 40 nerve endings representing 5 to 7 
ganqlia in each case. 

* p < 0.05 as compared to the values obtained in resting control ganglia. 
+ p < 0.05 as compared to the values obtained in resting ganglia exposed 


to HC-3 for 35 min. 
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DISCUSSION 


A. ACh Turnover During Activity in Superior Cervical Ganglion 


Preganglionic stimulation under physiological conditions 
causes little or no change in ganglionic ACh content (Birks and Mac- 
Intosh, 1961). However, there is a brisk turnover of ACh in such gang- 
lia (as shown by these workers in ganalia stimulated at 20/sec) and 
they release about 8 - 10% of their resting content every minute. Ob- 
viously under these circumstances, the rate of ACh discharge matches 
the rate of ACh synthesis. Rosenblueth et az. (1939) have previously 
reported (based on single experimental observations) that the ACh con- 
tent of ganglia first decreases and then increases during prolonged pre- 
ganglionic stimulation at 60/sec. While preganglionic stimulation at 
60/sec is grossly unphysiological the results obtained by these workers 
were of sufficient interest to warrant further research. Our findings 
represent a much more detailed study of these phenomena and explain 
many aspects of storage, synthesis and release of ACh in the superior 
cervical ganglion. 

That preganglionic stimulation at 60/sec can reduce ACh con- 
tent of ganglia was confirmed. Our data suggest that ganalia release 
more than 30% of their ACh content within 2 min when stimulated at this 
frequency, since some of the ACh liberated durina this period of stimul- 
ation must have been replaced by resynthesis. The data obtained by 
Birks and MacIntosh (1961) suggest that more ACh can be released during 
the first 5 min of stimulation at 64/sec than at 16/sec; thereafter, 


however, the rate of ACh release declines such that during later periods 
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of stimulation the ACh liberated per min is the same at both frequencies 
of stimulation. Since we have shown that during continuous stimulation 
at 60/sec the ganqlia recover their ACh stores lost during the initial 
period of stimulation, it is evident that the arrival of impulses at the 
nerve endings, besides triggering the release of ACh, also stimulates 
its synthesis. Evidently the accelerated rate of ACh synthesis at 60/ 
sec is probably not enough to replace the high initial output of ACh. 

At lower frequency of stimulation, however, the rate of ACh synthesis 
can be increased sufficiently to replace the more modest amount of ACh 
released durina the brief period of stimulation. The above differences 
may explain why we were unable to demonstrate a reduction in the ACh 
content of ganglia stimulated for 2 min and 8 min at 20/sec. 

MacIntosh (1963) suggested that there may be a delay in the 
onset of maximal rate of ACh synthesis upon nerve stimulation. In this 
connection he reported that stimulation at 20/sec for 5 min decreased 
the ACh content of ganglia by about 13%. However, if there is a signi- 
ficant delay in the onset of accelerated ACh synthesis induced by nerve 
stimulation the time lag must be less than 2 min because we were unable 
to demonstrate a decrease in ACh content when ganglia were stimulated 
at 20/sec for 2 min. Evidently in this case the amount of ACh liberated 
could be completely replaced by resynthesis by the end of the stimulus 
period. 

The synthesis of ACh appears to continue at an accelerated 
rate for at least 10 min after the cessation of nerve stimulation. The 
amount (approximately 90 ng) of ACh lost during the preganglionic stim- 


ulation at 60/sec for 4 min was restored within 2 min during the subse- 
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quent rest period; but the ACh levels continued to rise and reached max- 
imal levels of 130% of control after 10 min of rest. During the initial 
2 min of rest these ganglia synthesized at least 45 na/min; this rate 
is considerably higher than 29 na/min observed by Birks and MacIntosh 
(1961) in plasma perfused ganalia stimulated at 20/sec. It is conceiv- 
able that the actual rate of synthesis in plasma perfused ganglia, 
stimulated at 20/sec, may have been higher than measured by these work- 
ers. Some of the deficite may be due to an incomplete recovery of ACh 
because some of the synthesized ACh may have passed into adjacent cell- 
ular structures and failed to enter the perfusion stream. Our findings 
also emphasize the necessity for the rapid removal of nerve tissue and 
the immediate inactivation of choline acetyltransferase when studying 
tissue levels of ACh. 

Our results are in general agreement with the proposals of 
Potter et al. (1968) who have suggested that ACh synthesis is regulated 
by mass action laws. According to this view the synthesis of normal 
amounts of ACh depend upon the equilibrium position of the enzyme chol- 
ine acetyltransferase with all four substrates, that is, choline, ac- 
etylcoenzyme A, ACh and coenzyme A. For example, stimulation at 60/ 
sec reduced the ACh content and somewhat later increased the ganglionic 
choline levels; both of these events would favour a marked increase in 
the rate of ACh synthesis. Similarly such changes in the concentration 
of choline and ACh may also explain the rapid restoration in the ACh 
content during initial resting period and the sustained rebound in- 
crease in the ACh levels observed after 10 and 20 min of rest. The 


main driving force for the restoration of the ACh stores could be due 


oof an: 






“xem beddsey bas set: ot beuntiqoo z2[avel AQA ond sud zbotteq 429. dn9up 
fetsini of oniqwG .Jzo7 to nim OF 9et%6 fontnos to. ROET to zfevel emt a 
ote 2003 jtm\pn a) szeef 26 besteortnvye stipney saett 2297 Yo ato | 
feomnloaM bas 2t78 yd bovraedo ntm\pn OS nant yseptd \fdarebtenos. at _ 
~visgno2 at tI .a92\08 7s bovalumtte 6tlonsp bsewtweq smeslq nt (raer) 
ST ipnap beeutysq smesty wt eteedenye Yo otn7. feuds ent ject side 
“Atow g2ed3 yd batuzsem neds vodphi aged aver yeu .292\08 ts bezelfumtte 
NIA to y18v0987 stofqmmont as oF sub ad yam agrottebh 9s. to: emoz 219 
-ff92 snacstbs os¢at beeesq sven ysm NIA bextzertnye odd to. omoe s2us 9d 
2pnfbntt w0 «save norzut9q ant yetne of bette? bas zavsouit2 wily 
bMS Su2ztt avian to [svomey bigsy sdt rot ysfezsosn sid exstesiqms eels 
pntybuse nerw ses iatens whi ysoon sit fodo to nofssyttosnt sistbemnt. ent 
-W9A to 2fevsl suzets 
70 2fseogova ait dtiw tnsmesqwe favenep nt sve 2tfuzey wo 
bavsiupas 2¢ zteentnve ADA sadd batzenpue svsd odw (8801) .S0 40 194309 
fsrron to 2tzentaye afd woty 2tdt ot pathbyoosA .ewsl notios 22am vd 


“fons smyuxns ont to dortteod murvdtftups edt noqu basasbh AIA to 2Tnvoms 


“36 ,Snitlofon 










(ef Jott .zedsrtedue qwot [fs Athy sesi9t2ns13 | yts06 cid “a 
\03 3s notssfumtte .sTomexs v3 5A emysnso2 bas ADA .A omesnaoolyte 
Jinotfenap sf) beesatoni ots s5womoe bas snesnos WIA ent beoubsy 292 
At senatont bedism 6 wove? bluow 2dnove seadd Yo djod zelavel entfors 
nottsisneonoo sit nt zepnero dove yitelimte .2teertteya AOA to sis ant 


hil Dai hs Senna aed in ecg 


rp > 
ews Shatin 


A ; patauh wr Tae 
ay 


fe ae iT bealodiys | nia fae 
oe 


” 7 








101 


to a fall in the concentration of ACh in the vicinity of choline acetyl- 
transferase, and the accumulation of extra amounts of ACh may be largely 
the results of excessive uptake of choline. The sustained rebound in- 
crease may be explained if one assumes that the storage capacity of 
ACh, under these conditions, is also increased. Studies on minced rat 
brain indicate that the level of bound ACh is siqnificantly increased 
in the presence of excess of choline content in the incubation medium 
(Bhatnager and MacIntosh, 1967). 

A combination of many other factors may be responsible for 
maintaining the levels of ACh stores. For example, the concentration 
of sodium, an jon whose intracellular concentration increases with nerve 
depolarization, may regulate the activity of choline acetyltransferase 
and thus the levels of ACh. In vitro studies indicate that sodium ion 
concentration can stimulate the activity of the enzyme (McCaman and Hunt, 
1965). Birks (1963) has suqgested that increased sodium ion concentra- 
tion, following nerve stimulation, may promote the transport of meta- 
bolic substrates to the enzyme involved in ACh formation. However, 
little is known about the relative abundance or rate limiting concentra- 
tions of acetylcoA or choline available for ACh synthesis in vivo. 
Product feedback inhibition may regulate the ACh levels has also been 
suggested (Kaita and Goldberg, 1969). To support such a hypothesis, 
Kaita and Goldberg have assumed that cholineacetyltransferase enzyme is 
bound within the vesicles, where ACh is synthesized and stored. However, 
evidence indicates that this enzyme may be localized in the cytoplasm 
rather than being bound within synaptic vesicles (Fonnum, 1967 


Potter et al., 1968). 
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In order to explain the constancy of ganglionic content of 
ACh under most circumstances, MacIntosh (1963) concluded that the a- 
mount of ACh in sympathetic ganglion is determined not merely by the 
balance between the processes favouring synthesis and the processes 
favouring release, but primarily by the number of sites available for 
the binding of ACh. According to this proposal when the binding sites 
are saturated, the excess of ACh formed is immediately destroyed by in- 
tracellular cholinesterase. Although most of our findings are in aagree- 
ment with this proposal, the hypothesis cannot explain the rebound in- 
crease in ACh content which was observed in absence of anticholinester- 
ase drug. Our results suggest that either additional binding sites can 
be rapidly formed or that the existing storage capacity is not normally 
saturable. Mechanisms apparently do exist to maintain ACh at relatively 
constant levels under normal conditions, and to place a ceiling on the 


content of ACh which can accumulate in the nerve tissue. 


B. Readily Releasable Fraction of ACh in Superior Cervical Sympathetic 
Ganglia of Cat 


Birks and MacIntosh (1961) have proposed that a small fraction 
of the ACh stores in a ganglion may be present in the form which can 
be immediately released by nerve impulses. Our results are consistent 
with this concept of a readily releasable pool and provides further in- 
formation on the amount of ACh which is readily available for libera- 
tion. 

The ability of stimulation at 60/sec to decrease the ACh 


content by 30% can be interpreted to mean that more than one-third of 
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total ACh stores of a rested ganglion can be mobilized for release with- 
in 2 min; for one must assume that some of the ACh liberated during this 
stimulation period was replaced by resynthesis. This compares with a 
much lower estimate of 50 ng to be present in this pool, suqgested by 
Birks and MacIntosh (1961). However, in order to make an accurate es- 
timate of the size of this pool on the basis of a reduction in the ACh 
content, one would have to know not only the amount of preformed ACh 
which was mobilized into a releasable form, but also the quantity of 

the recently synthesized ACh retained by the ganglion during the 2 min 
period of stimulation. 

When HC-3 (1 mg/Kg) was used to prevent ACh synthesis, the 
time-course studies of this dose of HC-3 in stimulated (20/sec) ganglia 
revealed that about 50% of ACh may be in the readily releasable form 
and the rest is only slowly converted into the releasable fraction. 
Although 1 mg/Kg HC-3 appeared to have blocked the ACh synthesis, there 
was a delay of about 5 min before any inhibition was obvious. When 
the dose of HC-3 was increased to 2 mg/Kg, the drug appeared to block 
the ACh synthesis immeidately and a reduction of 50% in ACh was observed 
within the first 5 min. Increasina the dose of HC-3 to 4 mq/Kg did not 
produce any greater depletion in ACh content during the first 5 min. 

If. one assumes that ACh synthesis is virtually prevented dur- . 
ing the 30 min period of stimulation (in the presence of 2 mg/Kg HC-3), 
it then appears that about 50% of the total ACh stores can be rapidly 
mobilized for release, whereas the remainder is only slowly converted 
to a releasable form. The estimate of 50% agrees with our predictions 


based on the ability of preganalionic stimulation at 60/sec to reduce 


-— f 
eof A 






“i3tw sessfet ww? bes! tdom sd aso not lense beteen se SO"esvade AOA fstod 
ardd pntub betevadi i 94 ety to moe tert amuses Sawm-ono-0¥ rte 


6 ijtw aoveqmoa etdT .2besténvzey ud bsoslqey 25w botraq nottslumbse 7 - 

| ; nur 

yd O8despeue .foog efit at tnseeye sd ot on 02 Fo Stamiteeyewol doum ae 

~€8 87570996 N& SXsm o3 yebio at .wsvewok .(f3@f) deodaTosM: bas edsha 


AJA ont nt notdoubet 5 to etesd add no faoq ait to sete ede fo edemte 
NA bemrtoteq Yo tnvoms sft yfno ton wond of sved Bivew eno .tngs3nos 
to ystInsup sit o2fs Sud .mrot sfdéassioy 5 ofnt bastitdom eaw dotniw . 
atm S$ ont prtwb notfpnse sdt vd bontasey ddA bestzeodgnve y[tneost elt 
.fefisfumtte to bot isq 
ony ,2fesntaye ddA tosvetq of been zew (o¥\pm £) €-98 worl 
6tfpnsp (292\0S) bedefumtte nt €-9H %o e20b etd Fo sakbuse s2wos-amts 
miot sidszssfey yfibssy odt nt od yom AOA to FO2- tucds sadd bef sever 
-Noftosr? ofds2essioy sid ofnt basyovnos efwats vino 2h tee1 oft bis 
ssid ,2fzentnye ADA sit baxootd svat oF bsyssqgs £-IH pd\pm f dpuorls TA 
msnW .2uotvdo 26w notsidtdnt yng sdoted ntm @ tueds to yslob 6 25w 
490fd ot bewsSaqs puyb sid ,o¥\om 8 of bszse%ont esw £+3K to s20b edt 
bevisedo z6w A9A ni S02 Yo nottoubsy & bre \isssbtemmt etzsrtnye AIA st : 
Jon brb pA\pm & o¢ €-IH to sz0b edt patessionl uate 2 dart? edt atdttw 
im 2 tavi ont prinub tnetnos AOA nt nolssfqeb sstseyp yas souborg 
Muh bstnaverq y[feusity 2t zteedgnye AoA tend zom226 sno tI 
e(E-9H BA\oM S 40 eonszerq ot At) notdsfumit2 Yo his nfm O€ oft pnt 


reacts! estos. iad eet. “$ent ere0qqs nevis ft 









3 a . 
ately, i il ar te Maes 


104 


ganglionic ACh by 30% within 2 min. 


C. Choline Metabolism 


Ample evidence is now available to indicate that the ganglion 
needs a supply of extracellular choline for the maintenance of its ACh 
stores and output during prolonged activity (Brown and Feldberg, 1936; 
Birks and MacIntosh, 1961). Similarly, labelling experiments have 
shown that some of this choline can be incorporated into ACh (Friesen 
et al., 1965; Potter, 1968; Collier and Lang, 1969). The experiments 
of Collier and MacIntosh (1969) have demonstrated that preganglionic 
stimulation increases the uptake of radioactive choline from the perfu- 
sion fluid and its incorporation into ACh. Our results (Fig. 1 and 2) 
provide similar conclusions that preganglionic stimulation can transi- 
ently increase the ganglionic content of choline. The evidence ob- 
tained by Friesen et aZ. (1967) suggests that less than one-third of 
the total choline content of ganglia resides in the presynaptic nerve 
terminals. Therefore, while the increases (25 - 30%) in choline levels 
observed in the present investigation were small, they may represent 
large changes in choline concentration in the preganglionic nerve end- 
ings provided that this is the site of choline accumulation. In this 
connection we have demonstrated that HC-3 is capable of preventing not 
only the recovery of ACh stores, but also the subsequent increases in 
both ACh and choline levels induced by 4 min stimulation and 10 min of 
rest (Fig. 3). These latter results are in accord with the hypothesis 
that HC-3 inhibits ACh synthesis by blocking the transport of extra- 


cellular choline to the sites of acetylation (MacIntosh et al., 1958). 
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The fast recovery of ACh and the temporary increase in choline 
content after 4 min of stimulation at 60/sec followed by 10 min of rest 
(Fig. 2) demonstrates that the preganglionic nerve endings may efficient- 
ly capture the extracellular choline and concentrate within the nerve 
terminals. However this accumulation of extra choline was only tran- 
sient and the excess is either quickly removed or utilized for ACh syn- 
thesis. Although Potter's (1968) findings also suggest that the isol- 
ated nerve endings from brain can concentrate choline from the surroun- 
ding medium, our data does not provide evidence that the accumulation 
of choline is against the electrochemical gradient. The results, how- 
ever, suggest that the choline transport system which subserves ACh 
synthesis may be unique and more sensitive to HC-3 inhibition than the 
general choline transport system which subserves phospholipid synthesis. 
Other lines of evidence tend to support the above hypothesis. For 
example, doses of HC-3 which impair ACh synthesis do not reduce the in- 
corporation of choline into phospholipids or their precursers (Collier 
and Lang, 1969; Gomez et aZ., 1970). In addition a number of studies 
(Martin, 1968; Chang and Lee, 1970; Cooke and Robinson, 1971) show 
that blockade of choline transport in other tissues generally require 
5 to 20 times more HC-3 than the concentration which can effectively 
deplete ACh in sympathetic ganglia (Birks and MacIntosh, 1961; Matt- 
hews, 1966). 
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D. Mode of Action of Hemicholinium No. 3 to Prevent Synthesis of 
Acetylcholine in Sympathetic Ganglia of the Cat 


The action of HC-3 to inhibit the ACh synthesis has been 
attributed to a competitive inhibition of choline transport across 
the cell membrane (Birks and MacIntosh, 1961; Hodgkin and Martin, 1965; 
Marshbanks, 1968; Collier and MacIntosh, 1969; Diamond and Milfay, 
1972). In this connection we have demonstrated that HC-3 is capable of 
preventing not only the recovery of ACh stores, but also the subsequent 
increase in both ACh and choline levels induced by 4 min stimulation 
at 60/sec followed by 10 min of rest period. 

During the course of our investigation on the effects of HC-3 
(1 mg/Kg) on ganglionic ACh content it was found that while the onset 
and magnitude of transmission failure were related to the frequency 
of stimulation (Fig. 5), these effects could not be correlated with 
the percent reduction in ACh stores (Fig. 7). Ganglia stimulated for 
30 min at 2 and 5/sec lost approximately 40% of their ACh content, but 
the contractile response of nictitating membrane was not appreciably 
altered. In contrast, evidence of marked transmission failure was 
evident by the end of 30 min in ganglia stimulated at 10 or 20/sec, 
in spite of the fact that the depletion, 50% of ACh, was comparable to 
that seen in ganglia stimulated at 2 and 5 pulses per sec. The above 
results can perhaps be best explained in terms of the quantity of ACh 
in the readily releasable pool. It can be argued that at low frequency 
of stimulation there was sufficient ACh in the readily releasable form 
to maintain transmission whereas, in ganglia stimulated at 10 or 20/sec, 


the onset and progressive decline in the membrane response was due to 
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a gradual decrease in the quantity of ACh available for immediate re- 
lease. The data also suggest that nictitating membrane response is an 
unreliable index of the inhibiting effect of HC-3 on ACh synthesis. 

The time-course effects of HC-3 (1 mg/Kg) on ACh content of 
ganglia, stimulated at 20/sec, suggests that there is a delay of about 
5 min in the onset of action of this drug (Fig. 7). At a dose of 2 mg/ 
Kg HC-3 the most rapid decline of 50% in ACh stores occurred within 
the first 5 min (Fig. 8) and thereafter the ACh content decreased more 
Slowly. These findings suggest that 2 mg/Kg dose of HC-3 is an optimal 
dose and is capable of immediately blocking ACh synthesis completely pro- 
vided that the drug is administered prior to the onset of preganglionic 
Stimulation. The data also suggest that about 50% of the ganglionic ACh 
stores can be readily mobilized for release and the rest is only slowly 
available for release. 

A comparison of above results, in presence of 2 mg/Kg HC-3, 
with those obtained in plasma perfused ganglia (in absence of HC-3) 
by Birks and MacIntosh (1961) revealed that the initial minute (53 ng) 
and volley outputs (44 uyg) of ganglia exposed to HC-3 are greater 
than that observed in plasma perfused ganglia. One can conclude from 
these results that HC-3 may increase the initial volley output of ACh 
or alternatively, the initial volley output of blood perfused ganglia 
may be somewhat greater than that which can be achieved in plasma per- 
fused ganglia. However, the data obtained with 4 mg/Kg HC-3 (Table V) 
contradicts the hypothesis that HC-3 can increase the initial release 
in ACh. 

The failure of the 4 mg/Kg dose of HC-3 to produce the same 


or greater depletion of ACh stores than that obtained with 2 mg/Kg dose 
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is difficult to explain. It was thought that HC-3, by blocking the up- 
take of choline by tissue or perhaps by blocking its renal excretion, 
may drastically raise plasma choline concentrations. This increase in 
plasma concentrations may in turn antagonize the effects of HC-3. 

While a 4 mg/Kg dose does increase plasma choline levels by 50% (Table 
VIII), this increment is probably too small to exert a significant 
antagonistic effect. Birks and MacIntosh (1961) have shown that about 
1000:1 molar ratio of choline:HC-3 is required to completely antagonize 
the effect of HC-3 in sympathetic ganglia. MacIntosh (1963) reported 
that major pelvic and abdominal surgery or cortisone administration re- 
duced plasma choline levels. In this regard our data has demonstrated 
that surgical procedures involved in exposing ganglia do not constitute 
a sufficient stress to significantly lower the concentration of plasma 
choline. 

Another possibility is that the large doses of HC-3 may dir- 
ectly impair ACh release (Hart and Long, 1965; Chiang and Leaders, 1967) 
thereby decreasing the need for ACh synthesis which in turn would tend 
to nullify the ACh depleting action of the drug. However, the data ob- 
tained by Matthews (1966) does not provide any evidence that HC-3 de- 
creases ACh release from sympathetic ganglia, even when large concentra- 
tions of the drug are used. 

Results of our investigations on choline content (Table VII) 
suggest that HC-3 is capable of depleting the ACh Content of ganglia 
without decreasing the choline levels in most cases. The data leads 
to the conclusion that HC-3 not only blocks the uptake of choline 
(geared to ACh synthesis) from extracellular fluid but may also inhibit 


the utilization of choline within the nerve terminals. Studies by 
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Friesen et al. (1967) suggest the preganglionic nerve endings may con- 
tain 60 to 80 ng of choline; this represents about 1/3 of the total 
choline content of ganglion. Therefore, if HC-3 only blocked the up- 
take of choline presynaptically, one would expect a rapid 33% reduction 
of choline prior to the onset of ACh depletion. Alternatively, perhaps 
most of the choline stored in the presynaptic nerve terminals is not 
normally available for ACh synthesis. 

Ample evidence is available which suggests that HC-3 can be 
taken up into cholinergic nerve terminals (Sellinger et al., 1969; 
Csillik et al., 1970; Slater and Stonier, 1971; Collier, 1973) and may 
have an action at an intracellular site. The effect of HC-3 in de- 
pressing ACh turnover in perfused ganglia wears off only very slowly 
and requires much larger amounts of choline (molar ratio of choline:HC-3 
= 1000:1) in the perfusion fluid to antagonize the effects of HC-3 (Birks 
and MacIntosh, 1961; MacIntosh, 1963). If HC-3 were acting only on the 
outside of presynaptic membrane, to block choline transport, we would 
expect its effect to be rapidly reversible. That HC-3 can be acetylated 
tn vittro by choline acetyltransferase, has been suggested recently 
(Rodriguez de Lores Arnaiz et al., 1970; Hemsworth, 1971). These 
findings indicate that acetylated HC-3 may act as a false transmitter. 
However, more recent work of Collier (1973) indicates that no such 
acetylated HC-3 is released in sympathetic ganglia during preganglionic 
stimulation. It is evident that HC-3 can be accumulated by the nervous 
tissue (Sellinger et aZ., 1969; Rodriguez de Lores Arnaiz et aZ., 1970; 
Collier, 1973) but whether or not it has any intracellular action still 
remains to be determined. 


Our results suggest that HC-3 may compete with choline for 
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transport to the acetylation site not only on the surface membrane, as 
suggested by MacIntosh (1963), but also within the nerve terminals. 

For example, if ACh is synthesized within the agranular vesicles, HC-3 
may compete with choline at the vesicle membrane site. Collier (1973) 
has suagested that ACh may be synthesized within the cytoplasm and then 
transported to the vesicles for storage and release. He further 
suggested that HC-3 may compete with the transport of this cytoplasmic 
ACh to the synaptic vesicles. This may be true in the light of the evi- 
dence which indicates a cytoplasmic localization of choline acetyltrans- 
ferase enzyme (Fonnum, 1967; Potter et aZ., 1968). However, no direct 
evidence is available which can support such a hypothesis. Also it is 
difficult to envisage how the cytoplasmic ACh is protected from hydro- 
lysis by acetylcholinesterases and how ACh subsequently gets into the 
vesicles. 

That HC-3 influences arterial blood pressure, was a signifi- 
cant observation. While the 2 mg/Kg dose only causes a transient fall 
(~40%), 4 mg/Kq HC-3 produces not only an immediate decrease (~52%), 
but also a long-lasting reduction (~32%) in the blood pressure. The 
probability that 4 mg/Kg dose of HC-3 may produce a persistent blockade 
of postsynaptic ACh receptors was eliminated. The arterial injection 
of submaximal dose of ACh produced the same nictitating membrane res- 
ponse before and after the treatment with HC-3. Further research will 
be required to determine the mechanism of this action of HC-3. 

Parducz et al. (1971) have used HC-3 concentrations as high 
as 10 mg/Kg in the intact cats. Our results indicate that 2 mg/Kg is 


an optimal dose of HC-3 and a further increase in the HC-3 dose can 
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produce a sustained reduction in the blood pressure and may seriously 
impair the blood perfusion of the tissue in intact animals. Therefore, 
one must seriously question the validity of the results obtained at 


doses above 2 ma/Kq. 


E. 1. Agranular Vesicles in Relation to the Storage and Release of ACh 


in the Preganalionic Nerve Terminals 


The discovery that ACh is released in discrete quantal pack- 
ages (Fatt and Katz, 1952; Del Castillo and Katz, 1954) and the subse- 
quent findings that nerve endings contain numerous agranular vesicles 
lead to the hypothesis that agranular vesicles are involved in the stor- 
age and release of ACh (De Robertis and Bennett, 1955; Robertson, 1956). 
The vesicle hypothesis thus implies that the agranular vesicles contain 
multimolecular "quanta" of transmitter which is released in all or none 
fashion by a process of exocytosis (Hubbard, 1970; Smith, 1971). 

Various indirect evidence support the above hypothesis and 
suggests that vesicles may recycle locally in a manner which allows each 
vesicle to package and release quanta of transmitter repeatedly (Bittner 
and Kennedy, 1970; Heuser and Reese, 1973). Ceccarelli et az. (1972) 
have shown that the frog nerve-muscle preparation maintains its popula- 
tion of agranular vesicles even after 4 hours of stimulation at 2/sec. 
When horse radish peroxidase was added to the medium and the prepara- 
tion was stimulated for 6 - 8 hrs, a large number of vesicles were found 
to contain the peroxidase. These investigators concluded that their 


evidence was consistent with the concept that vesicles release ACh by 
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exocytosis and that the vesicles are reutilized. 

A number of other attempts have been made to test the vesicle 
hypothesis. Thus some authors have reported decreased number of syn- 
aptic vesicles during increased transmitter release (De Robertis and 
VaZ Ferreira, 1957; Birks, 1971) while others have not observed any 
change (Birks, Huxley and Katz, 1960; Green, 1966). Increasing the 
external potassium concentration at the neuromuscular junction causes 
a decrease in the number of vesicles close to the presynaptic membrane 
(Hubbard and Kwanbunbumpen, 1968). More recently Perri et al. (1972) 
have shown that preganglionic nerve stimulation of rat superior cervical 
ganglia causes a decrease in number of vesicles which is more pronounced 
as the distance from the synaptic junction increases. 

Hemicholinium no. 3, which inhibits ACh synthesis has also 
been used to test the vesicle hypothesis. Elmquist and Quastel (1965) 
stimulated rat phrenic nerve diaphragm in presence of 4 x 107° M HC-3. 
They found that prolonged activation (40 - 60 min) using either nerve 
stimulation or raised potassium ion concentration causes a progressive 
decrease of quantum size without evidence of any effect on the number 
of quanta released. When these investigators allowed their preparations 
to rest after initial rundown of quanta, the size of the quantum was 
found to recover. An examination of their results indicate that the 
dose of HC-3 used by these investigators did not completely inhibit 
ACh synthesis and may have partiallyallowed the refilling of vesicles. 
In addition their data suggest that vesicles may be capable of releas- 
ing ACh even though they do not contain their normal complement of 


transmitter. 
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More recently Sacchi and Perri (1973) have investigated these 
phenomena in isolated rat superior cervical ganglia. They used HC-3 
in a concentration of 6 x 10°® M and used a choline free bathing solu- 
tion. Upon preaanglionic stimulation at 10/sec there was a rapid onset 
of transmission failure which became quite marked after 5 - 6 min of 
Stimulation. They concluded that the transmission failure was due to 
a decrease in number of quanta with little or no change in quantum size. 
Their results can be reconciled with those of Elmquist and Ouastel if 
one assumes that they obtained immediate and complete block of ACh syn- 
thesis. As a consequence previously filled vesicles were competing with 
empty vesicles for release resulting in a reduction in the number of 
measurable quanta released, but no chanae in the quantum size. 

The evidence presented thus far suqgests that the aaranular 
vesicles may be involved in storage and release of ACh but to our kKnow- 
ledqe no attempt has been made to directly relate the ACh content with 
the number of aaranular vesicles. In other words the actual ACh content 
was not determined by these workers. In our present study we have 
attempted not only to correlate the ultrastructural changes with the de- 
pletion in ACh content but also determined how readily reversible the 
induced structural changes are, and how this relates to the rates of re- 
covery of the ACh content. In addition previous workers have used pro- 
longed stimulation to cause alterations in the ultrastructure whereas, 
we have attempted to demonstrate a correlation between the ACh content 
and the number of agranular vesicles after a very short period of stim- 
ulation. 


Before any physiological siqnificance is attached to our data, 
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the following assumptions must be made in the light of above presented 
evidence. (1) Under most physiological conditions agranular vesicles 
in the preganglionic nerve terminals are repeatedly utilized after re- 
leasing their transmitter quanta by exocytosis. (2) To be morpholog- 
ically or functionally active, agranular vesicles do not have to con- 
tain their full complement of transmitter. (3) Vesicles normally store 
ACh only up to 60 - 70% of their total storage capacity. 

The first two assumptions are based on the evidence presented 
above (Bittner and Kennedy, 1970; Ceccarelli et al., 1972; Elmquist 
and Quastel, 1965). The third assumption is based on our data (Friesen 
and Khatter, 1971) which demonstrates a rebound increase in ACh content 
of ganglia after 20 min of rest following 4 min of stimulation at 60/ 
sec. 

In our previous work we have demonstrated that preganglionic 
stimulation at 20/sec for 5 min maintains the ACh stores of ganglia at 
control level. When compared with ultrastructure, the population of 
agranular vesicles were also found to be at control level under these 
conditions. Apparently at this frequency of stimulation, synthesis of 
ACh and reformation of vesicles can keep pace with release during a 
short period of stimulation. When the stimulation frequency was in- 
creased to 60/sec [which causes about a 30% decrease in ACh content 
(Fig. 1)] a significant (39%) reduction in the density of agranular 
vesicles also occurred within 4 min (Fig. 14). The discovery that 
such a short period of stimulation can cause a significant depletion 
in both ACh and the number of agranular vesicles is strong evidence 


in favour of the concept that vesicles are storage sites of ACh. A 
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preliminary paper on this aspect has already been published (Friesen 

and Khatter, 1971). More recently Korneliussen et az. (1972) have 

found a similar reduction of 43% in agranular vesicles in phrenic nerve 
diaphragm preparation, stimulated at 50 hz for 5 min. In another ex- 
periment these workers increased the stimulation frequency to 100 hz 

and found that the reduction in number of vesicles can be produced with- 
in 20 sec. These results agree with our data, which demonstrate the 
rapidity with which these vesicles can be depleted if nerves are stim- 
ulated at high frequency. 

At 60/sec stimulation for 4 min although the simultaneous re- 
duction of ACh and the density of agranular vesicles strongly support 
the vesicle hypothesis, the two events may not be directly related. 
Since synthesis of ACh is greatly accelerated on stimulation at this 
frequency (Fig. 2), the rate of reformation of vesicles may not be com- 
patable with this new rate of ACh synthesis. Alternatively some of the 
vesicles may be structurally damaged due to the unphysiologically high 
frequency of stimulation. Thus under these conditions some vesicles may 
store more ACh than others which have not depleted their ACh content. 

The above view is further strengthened if one considers the 
situation where ganglia recover their lost ACh within 2 min of rest 
Uh Qa) Under these conditions although ganglia recovered their ACh 
content, released during 4 min of stimulation at 60/sec, the number of 
agranular vesicles were still significantly lower than controls (Fig. 14). 
Similarly when the resting period was extended to 20 min, to cause a 
30% rebound increase in ACh content, the population of the vesicles re- 


covered only to the normal level and there was no increase in their 
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number corresponding to the rebound increase in ACh. These data lead 

to two main conclusions. (1) There may be an incompatability between 
the rates of ACh synthesis and the reformation or reutilization of de- 
pleted vesicles under these unphysiological stimulation conditions. 

(2) The aaranular vesicles do not normally store ACh to their full 
Capacity and under these abnormal conditions may contain ACh up to their 
saturation level. Alternatively, the storage capacity of agranular 
vesicles is siqnificantly increased under these conditions. 

The reduction in the number of agranular vesicles in ganglia 
stimulated at 20/sec for 30 min can also be explained on the basis of 
the above hypothesis. Under these conditions it was found that, al- 
though, the ACh content was maintained at control level, the population 
of agranular vesicles was reduced by 24%. Perri et al. (1972) found a 
similar reduction (32%) of agranular vesicles in rat superior cervical 
ganglia, which was stimulated for 3.5 hrs at 0.5/sec followed by 30 min 
stimulation at 20/sec. The reduction in the number of vesicles during 
this prolonged period of stimulation may have occurred due to the damage 
of the vesicle membrane structure after repeated utilization. Alterna- 
tively, there may be an.incompatability between the rate of ACh synthesis 
and the recycling of vesicles. Whatever the reason may be, the data 
suagest that the vesicles under these conditions store more than their 
usual content of ACh. 

The data obtained in ganglia exposed to HC-3 also support the 
above hypothesis. When the animals were treated with 2 mg/Kg HC-3 5 
min prior to the stimulation (20/sec), the ganqlia released their 50% 
of ACh stores within 5 min. However, the number of agranular vesicles 


under these conditions still appeared to be at control level (Fig. 16). 
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As presented in the previous section (Fia. 8) this dose of HC-3 is 
Capable of completely blocking ACh synthesis immediately. We have also 
demonstrated that in absence of HC-3, stimulation at 20/sec for 5 min 
maintains the vesicle population at control level (Fig. 16). These ob- 
servations suggest that during 5 min of stimulation in presence of HC-3 
(2 mg/Kg) a large number of the vesicles may remain completely empty 
after releasing their transmitter content. If these empty vesicles are 
still functional and have the same probability of exocytosis, the number 
Of quanta released at any time will be greatly reduced. The observations 
made by Sacchi and Perri (1973) in rat ganglia support this view. These 
workers demonstrated that preganglionic stimulation of rat ganglia in 
presence of HC-3 or thiamine deprivation causes a reduction in number 
of quanta released without causing any change in the size of individual 
quantum. The hypothesis may also explain why the nictitating membrane 
response is areatly reduced under these conditions (Fig. 5). when the 
ganglia still contain about 50% of their normal ACh content. 

A much laraer depletion (54%) in the number of agranular ves- 
icles was observed when the stimulation period was extended to 30 min 
in ganglia exposed to HC-3 (Fig. 18). Under these conditions ganglia 
also released about 75% of their transmitter stores. It is noteworthy 
that the depletion in the population of vesicles in absence of HC-3 was 
only of the order of 24%. The extra decrease in the number of vesicles 
may be due to the following factors: (1) A non-specific action of HC-3 
on the vesicle membrane structure, (2) the reduction in the available 
choline for the formation of vesicle membrane structure in presence of 
HC-3. The latter possibility is supported by the fact that only under 


these conditions was a significant reduction (28%) in choline content of 
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ganglia observed (Table VII). The data obtained by Parducz and Fehér 
(1970) also support this hypothesis. These investigators observed that 
when cat ganalia were perfused with choline-free Locke's solution and 
stimulated at 20/sec, most of the agranular vesicles in the nerve term- 
inals were depleted. But no such depletion occurred when choline (10 
mq/m1) was added in the perfusion fluid. The data obtained by Collier 
and Lang (1969) indicate that HC-3 does not influence significantly the 
incorporation of choline into phospholipids. However, the incorporation 


of choline into phosphorylcholine was found to be slightly reduced. 
2. Mobilization of Agranular Vesicles During Nerve Stimulation 


As stated before an increase in external potassium concentra- 
tion causes a decrease in number of vesicles close to the presynaptic 
membrane (Hubbard and Kwanbunbumpen, 1968). On the other hand depolar- 
izing currents applied to nerve terminal were found to increase the 
number of vesicles in this zone close to the presynaptic membrane 
(Landau and Kwanbunbumpen, 1968). Similarly high frequency stimula- 
tion has been shown to increase (Jones and Kwanbunbumpen, 1968; Hubbard, 
1970) or decrease (Korneliussen, 1972) in the number of vesicles in the 
1800 A reaqion near the synaptic cleft. 

More recently Perri et aZ. (1972) found that in the preaang- 
lionic terminals of rat, the vesicle depletion during nerve stimulation 
iS more pronounced as the distance from the synaptic junction increases. 
Somewhat similar observations were made in the present investigations. 

A significant depletion in agranular vesicles during 30 min stimulation 


at 20/sec (Table X) or 4 min stimulation at 60/sec (Fig. 15) occurred 
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mainly in the region away from the synaptic zone (2000 A region close 

to the presynaptic membrane). Prolonged stimulation (20/sec) in presence 
of HC-3 also produced the depletion of vesicles mainly in the non-synap- 
tic region (Table X). Under either of the above conditions no statistic- 
ally siaqnificant change in the number of vesicles was observed in the 
zone (2000 A) near the synaptic cleft. On the assumption that the ves- 
icles release ACh by exocytosis, the above data suggest that the agran- 
ular vesicles may be mobilized towards the synaptic cleft during (pre- 
ganglionic) stimulation. 

The decrease in number of vesicles in the preganglionic nerve 
endings caused by stimulation or stimulation combined with HC-3 demon- 
strates that vesicles may be involved in synaptic transmission and that 
vesicle supply may be inadequate to compensate for the vesicles lost 
during sustained stimulation. The fact that vesicles in non-synaptic 
reqion deplete more readily (Table IX and X) suggests that: (1) mech- 
anisms may exist to maintain a hiah concentration of vesicles near the 
presynaptic membrane and cause efficient release of transmitter and 
that (2) during stimulation vesicles flow toward the specialized area 
of the presynaptic membrane. 

As to the mechanism of transmitter release, some speculative 
remarks can be made. The electron microscopic observations provide 
strona evidence that the vesicles fuse with the presynaptic membrane 
(Couteaux and Pecot-Dechavassine, 1970; Nickel and Potter, 1970; Cecc- 
arelli et al., 1973) indicating a model for transmitter release by exo- 
cytosis. The reduced number of agranular vesicles, following stimula- 
tion, in our experiments fits this concept. However, the difference in 


membrane composition between synaptic vesicles and the presynaptic mem- 
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brane [Whittaker (1970) in excitatory synaptic mechanisms, (Eds. P. 
Andersen and J.K.S. Jansen; Universitetsforloget, Oslo), p. 67] makes 

a definite fusion improbable. On the other hand if the fusion is only 
temporary, our results favour the reusage of vesicles. In this regard 

we determined the area of nerve endings before and after stimulation and 
stimulation combined with HC-3 (Table XI). Our results agree with those 
of Pysh and Willey (1972) who found that the areas of the nerve endings 
remain constant after their stimulation or stimulation combined with HC-3. 
However, a separate machinery may be available to synthesize new vesicles 
to replace those lost during continuous use for transmitter release. 
Suggestions have been made that mitochondria may be involved in the for- 
mation of new vesicles (Dyatchkova et aZ., 1962; Hubbard and Kwanbunbumpen, 
1968). Our electronmicroscopic observations show similar evidence of 
swellings of mitochondria during stimulation. The mitochondria observed 
in unstimulated nerve endings were generally normal in appearance. Many 
other sites of synthesis of these vesicles have been hypothesized, e.g., 
endoplasmic reticulum (Palay, 1958), Golai complex (Van Breemen, Anderson 
and Reger, 1958) and neurotubules (De Robertis, 1967). More recently 

the formation of vesicles directly from the terminal membrane has been 
suggested (Ceccarelli et aZ., 1972). The evidence thus far presented 
suggests that during the transmitter release the original vesicles re- 
turn to the cytoplasm and there is no immediate permanent loss of ves- 
icles. The depletion of vesicles we observed during 60/sec stimulation 
for 4 min followed by 2 min of rest or prolonged stimulation at 20/sec 
(no HC-3) may simply indicate an incompatability between the rate of re- 
formation or reutilization of vesicles and the rate of synthesis of ACh. 


As to the significance of general procedure, sufficient 
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attempts were made to handle appropriate controls and experimental pre- 
parations identically except for the omission of stimulation or HC-3 
treatment in the former. The procedures of sampling and obtaining 
quantitative data are regarded sufficient to exclude any bias. It is 
true that not all the nerve endings obtained from stimulated prepara- 
tions appeared to have vesicles depleted. However, a much larger number 
of nerve endings (a total of 40 nerve endings taken from 5 to 7 ganglia 
in each case) were used in the present investigation to determine the 
significance of our findings. 

Controversy still exists about the effects of fixative mixture 
used. Thus Birks (1971) has reported that the preservation of agranular 
vesicles, obtained in the superior cervical ganglion, is improved if 
the usual sodium phosphate buffer was replaced by Hepes buffer containing 
a high concentration (110 mM) of magnesium chloride, in the 3.5% glut- 
eraldehyde fixative. When a similar fixative containing 2% gluteralde- 
hyde was used by Cochrane et al. (1972) for the excitatory nerve-muscle 
Synapse of the locust, no such improvement in the ultrastructure was 
observed. However, when they raised the glutaraldehyde concentration 
of magnesium fixative to 3.5%, results similar to those of Birks were 
obtained. Fixative containing zero calcium did not cause any improve- 
ment in the ultrastructure of the nerve endings. Atwood et al. (1972) 
used érayri st nerve-muscle preparation for their investigations. These 
workers observed that the treatment of the resting preparation with mag- 
nesium fixative results in a high vesicle count as reported by Birks (1971). 
However the qualitative changes in the number of vesicles after stimul- 
ation were found to be same whether or not magnesium was added to the 


fixative. It is, therefore, difficult to interpret the significance of 
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addition of magnesium chloride in the fixative mixture. Further work 


would certainly be required to clarify these controversial observations. 


F. Influence of Experimental Conditons, Which Alter Ganglionic ACh 
Stores on the Density of Dark-Core Vesicles in the Preganglionic Nerve 


Terminals 


Large dark-core vesicles, often seen in cholinergic nerve 
endings, have been suggested to store catecholamines similar to those 
in the adrenergic nerve endings (Wolfe et aZ., 1962; Richardson, 1964; 
Clementi, 1966). Other workers (Grillo and Palay, 1962; Elfvin, 1963) 
compare them to the vesicles concerned with neurosecretion which are 
found in large quantities in hypothalamus-pituotary system (Ledris, 
1965). More recently it has been suggested that they may store some 
trophic materials (Atwood et al., 1971). If these dark-core vesicles 
are involved directly or indirectly in the synaptic transmission, the 
preganglionic stimulation should deplete their unknown content similar 
to the agranular vesicles which store ACh. 

Preganglionic stimulation at 60/sec for 4 min causes about a 
30% reduction in the ACh content, a 46% decrease in the number of a- 
granular vesicles (Fig. 14) and a 34% reduction in the population of 
dark-core vesicles (Table XIV). The recovery in the density of dark- 
core vesicles in the depleted nerve endings, similar to those in ACh 
content and the population of agranular vesicles (Fig. 14), was also 
observed when these ganglia were allowed a 20 min rest after initial 
4 min of stimulation at 60/sec (Fig. 22). Although significant changes, 


in the population of dark-core vesicles, were demonstrated only in non- 
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synaptic region, simiiar changes in the population of these vesicles in 
the synaptic region (a zone of 2000 A from the synaptic cleft) also 
seemed to occur. However, because of the high standard errors of up 
to 30% even large alterations in number of dark-core vesicles in the 
Synaptic zone could not be demonstrated as statistically significant. 
Since most of these dark-core vesicles in resting control nerve endings 
are generally localized in the non-synaptic region, the data demonstrates 
that dark-core vesicles flow from the non-synaptic to the synaptic re- 
gion and deplete their unknown content during preganalionic stimulation. 
The recovery in the population during 20 min of rest following the in- 
itial depletion during 4 min stimulation at 60/sec suggests that similar 
to agranular vesicles, dark-core vesicles are reformed or recycled after 
depletion of their stored content. 

Stimulation of ganglia at 20/sec for 30 min, pretreated with 
HC-3 (2.mq/Kq), which depletes about 75% of the ACh also caused a sig- 
nificant reduction (64%) in the number of dark-core vesicles mainly in 
the non-synaptic region (Fig. 24). There was a large variation in their 
numbers particularly in the synaptic zone, and even the changes of 59% 
could not be demonstrated as statistically significant. Hemicholinium 
no. 3, in absence of stimulation, did not produce any statistically sig- 
nificant alteration in their number in any of the regions determined. 
This again may be due to the large variation in their density observed 
particularly in the synaptic zone. 

Preganalionic stimulation at 20/sec, for 30 min, in absence 
of HC-3 caused a significant reduction in the number of dark-core 
vesicles, which occurred mainly in the non-synaptic region. However, 


under such conditions, the levels of ACh stores were not significantly 
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altered. Also, when ganglia were allowed to rest, for 20 min, after 
initial 4 min of stimulation at 60/sec, there was no increase in the number 
of dark-core vesicles corresponding to a 30% rebound increase in ACh 
content. Similarly when ganglia were stimulated for 5 min, at 20/sec, 

in the presence of HC-3 the ganolia lost about 50% of the ACh content but 
no significant reduction in the density of dark-core vesicles could be 
demonstrated. These latter data suggest that there is no direct correl- 
ation between ACh content of ganglia and the number of dark-core ves- 

icles in the preganglionic nerve terminals. 

The functional role of the larae dark-core vesicles is still 
controversial because they are seen both in monoaminergic and non-mono- 
aminergic neurons, Furthermore, in several studies no obvious changes 
in number and appearance of these vesicles were found after reserpine 
treatment known to reduce amine levels (Taxi, 1965; Bondareff, 1965, 
Clementi et aZ., 1966). In general our results show that the same con- 
ditions which deplete agranular vesicles also cause a reduction in the 
number of these dark-core vesicles (Tables XIV and XVI). From these 
data one can be lead to interpret that these dark-core vesicles may 
even store ACh. However, no other evidence is available which may 
Suggest such conclusions. 

The above data thus demonstrate that the dark-core vesicles 
in prenangi {onic nerve terminals flow from non-synaptic to synaptic re- 
gion, deplete their unknown content and even are reutilized or recycled 


during preganglionic stimulation. 
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SUMMARY 


The following are the general conclusions drawn from the 
data presented in this thesis. These conclusions are based on the 
assumption that the transmitter ACh is stored and released in asso- 
ciation with the agranular vesicles. 

(1) Stimulation at 60/sec reduced the ACh content and somewhat later 
increased the ganglionic choline levels; both of these events would 
favour a marked increase in the rate of ACh synthesis. These results 
are compatable with the hypothesis (Potter et aZ, 1968) that the ACh 
Synthesis in the preganglionic nerve terminals is regulated by mass 
action laws. 

(2) When ganglia were allowed to rest after 4 min of stimulation at 
60/sec a rebound increase of 130% in ACh content was observed. How- 
ever, no parallel increase in the number of agranular vesicles was 
observed under these conditions. Preliminary experiments indicate 

that the extra 30% ACh can be released by nerve stimulation. Thus 

if ACh is stored in and released from agranular vesicles, the data in- 
dicate that vesicles, under physiological conditions, do not store ACh 
to their saturation capacity. 

(3) When. ganglia are pretreated with HC-3 (2 mg/Kg) and stimulated at 
20/sec, a 50% reduction in the content of ACh occurs within 5 min. The 
data lead to the conclusion that 50% of total ACh can be rapidly mobil- 
ized for release and may represent readily releasable fraction. 

(4) The data obtained on choline content (Table VII) suggest that HC-3 


is capable of depleting the ACh content of ganglia without decreasing 
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the choline levels in most cases. This suggests that HC-3 may not 
only compete with choline for transport at the external surface of 
the membrane but may also inhibit the utilization of choline within 
the nerve terminals. 
(5) Stimulation of ganglia, pretreated with HC-3, for 5 min at 20/sec 
did not change the number of vesicles but decreased the ACh content by 
50%. This suggests that if agranular vesicles release ACh by exocy- 
tosis, the vesicles are repeatedly utilized for storage and release of 
ACh. In addition these results indicate that vesicles may be capable 
of storing less than their normal quota of ACh. 
(6) The observations that the agranular vesicles in the non-synaptic 
region tend to deplete more readily (Table IX and X) suggest that: 
(a) a mechanism may exist to maintain a high concentration of ves- 
icles in the synaptic zone to ensure efficient release of transmitter 
(b) during stimulation vesicles are mobilized toward the synaptic 
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